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Significant  advances  even  in  pragmatic  aspects  came  from  research  that  followed 
the  outlined  rationale.  The  specific  experimental  approach  commenced  with  the 
study  of  the  nuclear  polymer  (AlTP-rlbose)^,  which  we  predicted  could  lead  to  a 
more  basic  understanding  of  gene  regulations  (proto-oncogene  and  differentiation 
regulation  being  the  defined  field). 

Our  previous  work  identified  (ADP-rlbose)^  as  a  unique  nucleic  acid-like 
molecule  and  demonstrated  several  modes  of  regulation  of  protein-DKA  interactions 
within  cellular  systems  (see  preceding  Progress  Report).  The  antitransformation 
effect  by  small  molecules  emerged  as  a  side  product  of  our  molectilar  biologically 
oriented  research,  however,  the  Importance  of  this  by-product  cannot  be  over- 
emphasljed. 

Many  Important  questions  remain  unanswered,  some  are  as  follows: 

1.  How  does  the  In  vitro  existing  (AlJP-rlbose)^  content  actually 
relate  to  biological  regulations?  This  question  now  can  be  studied  by  newly 
developed  methods. 

2.  What  is  the  exact  molecular  mechanism  of  enzymatic  synthesis  of 
(ADP-ribose)jj? 

3.  What  la  the  molecular  role  of  the  polymerase-associated  (coenzymic) 

DNA? 

4.  How  do  DNA-conformatlonal  changes  (being  the  molecular  basis  of  gene- 
expression  regulation)  correlate  with  the  DNA-blnding  of  poly(ADP-ribose) 
polymerase  enzyme?  Is  the  polymerase  protein  a  specific  DNA-sequenc e-searching 
protein  or  is  It  a  part  of  a  larger  protein  complex? 

5.  Finally,  how  dc  "antitransforming"  non-toxic  molecules  Influence 
cellular  phenotype?  Present  hypothesis  predicts  that  antitransforming  molecules 
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may  bind  to  specific  DNA  domains,  which  coincides  (or  are  Identical)  with  the 
DNA  sequences  required  to  serve  as  a  "coenzymlc"  DMA  for  the  polymerase.  How 
does  this  mechanism  operate  by  regulating  "physiological”  vs.  transformat lon- 
proned  DNA>topo isomeric  structures? 

Research  carried  out  In  1985  addresses  these  problems  In  an  Inter¬ 
disciplinary  manner,  which  la  probably  the  only  workable  approach  to  these 
complex  questions.  It  Is  of  considerable  significance  that  the  laboratory  at 
UCSF  (Surge  101  area)  has  been  reorganized  In  several  basic  aspects  to  meet  the 
demands  of  technical  requirements  for  experimentation  related  to  questions  1  to  5 
(above) . 


The  following  new  facilities  tv'.ve  been  added: 


1.  Complete  synthetic  capability  for  the  synthesis  of  any  desired 
DMA- sequence. 

2.  Full  capability  to  work  with  cells  In  culture.  Including  full  time 
personnel  necessary  for  culturing.  Tnls  side-steps  the  cumbersome  collaborative 
arrangements  of  the  past  which  previously  slowed  down  progress; 

3.  Expansion  of  enzyme,  peptides  and  DMA  Isolation  methodologies  (HI'LC 
and  Immunochemical  techniques). 

4.  Capacity  to  execute  DMA- sequencing  and  various  DNA-technologies 
(recombinant  technology,  cloning  that  Is  In  a  related  but  specific  project  aimed 
at  the  Isolation  of  the  polymerase  gene)  which  are  general  techniques  in  this 
field  (including  large  scale  E.  coll  culturing). 

The  effectlvity  of  these  new  techniques  will  become  apparent  within  the 
ensuing  periods  of  research. 
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A  mlcroanalytlcal  method  for  the  determination  of  cellular  mono 
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oligo  and  poly(ADF-rlboae)  has  been  developed  that  does  not  involve 
enzymatic  degradation  of  oligomars  to  rlbosyladenosine.  The  method  con¬ 
sists  of  separation  of  protein-bound  mono,  oligo  and  poly(ADP-rlbose) 
adducts  from  soluble  nucleotides  followed  by  hydrolysis  and  quantitative 
isolation  of  AMP  (derived  from  mono (ADP-rlboae)- proteins) , oligo  and  poly 
(ADP-rlbose)  by  boronata  affinity  chromatography  and  subsequent  isolation 
of  these  nucleotides  by  HPLC  (18).  Cis-diols  in  AMP,  oligo  and  poly(Al)P- 
rlbose)  are  selectively  oxidized  by  periodate,  then  reduced  by  [  H]-boro- 
hydrlde.  Ginditions  for  the  oxidation-reduction  steps  were  optimized  and 
trltiated  AMP,  oligo  and  poly (ADP-rlbose)  were  quantitatively  determined 
by  radiochemical  analysis  of  these  components  that  were  Isolated  by 

reversed-phase  HPLC  (18).  One  pool  ADP-rlbose  unit  under  standard 

3  3 

conditions  yields  2  to  2.2  x  10  cpm  [  H]  and  this  sensitivity  can  be 

3 

amplified  by  increasing  the  specific  radioactivity  of  [  H]-borohydride. 


INTRODUCTION 


Poly(ADP-rlboae),  which  is  formed  from  NAD  and  Is  present  predominantly 
In  cell  nuclei.  Is  a  biological  macromolecule  of  nucleic  acld-llke  structure 
(1,2).  Its  cellular  function  la  currently  under  extensive  Investigation  (3-7). 
Determination  of  polymeric  and  monomeric  ADP-rlbose  ^  vivo  constitutes  an 
Important  analytical  biochemical  problem  in  this  area  of  research.  Previously 
several  analytical  methods  have  been  reported: 

(a)  Isotope  dilution  by  endogeneous  poly (ADP-rlbose)  of  labelled 
poly(ADP-riboae)  or  mono (ADP-rlbose)  (8,9). 

(b)  antigen-antibody  reaction  between  poly (ADP-rlbose)  and  anti-poly 
(ADP-rlbose)  antiaertim  (10,11,12)  or  conversion  of  mono (ADP-rlbose)  to  AKP 
and  estimation  of  AMP  by  a  radioimmunoassay  (13). 

(c)  fluorometrlc  determination  of  rlbosyladencalne  derived  from 
poly (ADP-rlbose)  (14,15,16). 

(d)  tritium  labelling  of  rlboayladenoslne  derived  from  poly(ADP-rlbose) 

(17). 

We  have  recently  developed  novel  high  performance  liquid  chromatography 
(HPLC)  methods  for  the  simultaneous  determination  of  ^  vitro-synt he sized 
poly (ADP-rlbose)  and  mono (ADP-rlbose)  on  a  reversed-phase  column  (18)  and 
chain  length  analyses  on  an  Ion-exchange  column  (19).  We  now  report  a 
highly  sensitive  and  specific  method  for  the  simultaneous  analysis  of  polymeric 
and  nwnomeric  ADP-rlbose  In  vivo,  suitable  for  biochemical  experimentation. 

This  method  differs  from  previous  procedures  (13,14,15,16,17)  inasmuch  as  protein- 
bound  mono  and  poly (ADP-rlbose)  are  determined  after  microlsolatlon  of  these 
compounds  and, following  hydrolysis  to  AMP  and  poly(ADP-rlbose), analyses  are  performed 
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directly  by  borotritlatlon  and  HPLC  (19)  without  chealcal  or  enzymatic  degrada¬ 
tion  of  polymers  Into  chanlcal  subunits. 

EXPERDffiHTAL 

MATERIALS 

NAD,  Trls-HQ,  proteinase  R,  trlethylamlne,  sodium  periodate  and 
potassium  borohydrlde,  were  purchased  from  Slgima  Chemical  Co.  (St.  Louis, 

Mb.,  USA);  [^H]-NaBH^  (Lot  No.  2558124,  1.68  Cl/nsnol)  from  ICN  Fadlbchemlcals 
(Irvine,  Ca. ,  USA);  [^^C]-NAD  (283  mCl/saiol)  from  Ameraham  (Arlington,  111., 
USA);  Boronlc  acid  gel  (Aff  1-gel  601)  from  Bio-Rad  (Rlctnond,  Ca.,  USA); 

Ammonium  carbonate  and  glacial  acetic  acid  (HPLC  grade)  from  Baker 
(Fhllllpsburg,  N.J.,  USA);  and  potassium  phoephate  (HPLC  grade)  from  Fisher 
(Santa  Clara,  Ca. ,  USA);  methanol  and  acetonitrile  (HPLC  grade)  obtained 
from  Alltech  (Deerfield,  Ill.,  USA).  All  other  chemicals  used  ware  reagent 
grade.  Scintillation  fluid  (Aquasol)  was  obtained  from  New  England  Nuclear 
(Boston,  Ma.,  USA),  and  cell  culture  supplies  from  the  Cell  Culture  Facility 
of  UCSF,  San  Francisco,  Ca.,  USA.  The  14C  rat  fibroblasts  containing  MMIV 
promoter,  EJ-ras  oncogen  and  a  4.8  kb  Sma-Bgl  II  DMA  sequence  construct, 
isolated  by  Dr.  William  M.  Lee  (Dept.  Microbiology  and  lomunology)  were  a 
gift  from  Dr.  Alex  Tseng  (Cancer  Research  Institute). 

HPLC 

HPLC  was  performed  with  Che  following  instrumental  components:  Waters 
Associates  (Milford,  Ma. ,  USA)  Model  6001  Solvent  Delivery  Pumps,  Waters 
Model  680  Gradient  Controller,  Waters  Model  730  Data  Module,  and  Hewlett- 
Packard  (Santa  Clara,  Ca. ,  USA)  Model  1040A  High  Speed  Spectrophometric 
Detector.  Chromatographic  data  were  stored  in  a  Hewlett-Packard  Model  9121D 
Disc  Memory  System  and  plotted  by  a  Hewlett-Packard  HP  747A  Graphic  Plotter. 
HPLC  eluate  fractions  were  collected  with  an  Isco  (Lincoln,  Ne.,  USA)  Model 
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(Retriever  No.  Ill)  Fraction  Collector  and  counted  on  a  Bcckaan  (Falo  Alto, 

Ca. ,  USA)  LS  3800  Scintillation  Counter.  The  colunm  employed  was  a  Beclanan> 
Altex  (Berkeley,  Ca.,  USA)  analytical  rever«ed-phase  column  (Ultrasphere  ODS, 

5  um,  25  cm  X  4.6  mm  ID),  with  a  precolumn  packed  with  the  same  sorbent  as 
the  analytical  column.  Chromatography  was  carried  out  at  ambient  taperature. 
The  buffer  system  employed  was:  Buffer  A,  0.10  M  potassium  phosphate  (pH  4.25); 
Buffer  B,  same  as  A  but  containing  20Z  methanol;  Buffer  C,  0.10  M  potassium 
phosphate  (pH  7.0),  1.0  M  urea  and  501  acetonitrile.  The  flow  rate  was  1.5  ml/ 
min.  throughout.  Upon  sample  Injection  the  gradient  started  from  1001  A  to 
1001  B  In  20  minutes,  using  concave  gradient  curve  9.  Elution  continued  at 
1001  B  for  an  additional  2  minutes  and  then  a  linear  gradient  was  commenced 
from  1001  B  to  1001  C  during  6  minutes,  and  elution  was  continued  at  1001  C 
for  ca.  10  minutes. 

Isolation  of  poly  and  mono(AD?-rlboae)  present  In  vivo  from  cells.  Cultures 


of  14c  rat  fibroblasts  were  maintained  in  Dulbecco's  MEM  -f  101  FCS  4-  penicillin/ 
streptomycin  at  33*C  in  51  COj  +  air  atmosphere.  Doubling  time  of  the  cells 
was  24  hours  and  at  the  time  of  confluency  cells  were  removed  by  trypsin 
treatment,  sedimented  at  1500  rpm  (room  temperature),  washed  twice  by  centri¬ 
fugation  In  PBS  and  counted  In  a  heaocytometer.  Figure  1  shows  the  overall 
steps  on  the  isolation  of  poly(ADP-rlbose)  from  14C  rat  fibroblasts.  For  a 
detailed  experimental  description,  see  Reference  19  .  Briefly,  the  cell  pellet 
was  extracted  with  20X  (w/v)  trichloroacetic  acid  to  remove  soluble  nucleotides^ 
For  each  extraction,  the  pellet  was  dispersed  by  sonication  (power  setting  2, 
four  sets  of  20  pulses  on  a  Bronson  Sonifler)  with  cooling  in  an  ice-water 
bath  followed  by  centrifugation  at  4*C  (3000  x  g  for  20  minutes).  Extraction 
was  repeated  six  times  to  assure  complete  removal  of  nucleotides  which  other¬ 
wise  may  be  trapped  In  the  acld-lnsoluble  material.  The  protein-bound  polymers 


and  mor.oaers  were  Isolated  by  successive  base  hydrolysis,  proteolysis  by 
proteinase  K,  followed  by  phenol  extraction  and  phenyl  boronate  chromatography. 
Elution  of  poly  (ADP-rlbose)  and  of  AMP  (which  derives  from  iaono(Al}P-rlbose)) 
from  the  boronate  column  (7  cm  x  0.7  cm)  was  done  with  1  M  triethylammonlum 
acetate*  (pH  6.3)  instead  of  Trls-HQ.  After  freeze-drying  the  material  was 
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dissolved  in  distilled  water  and  subjected  to  periodate  oxidatln'i  and  [  H] 
sodium  borohydrlde  reduction  (see  below). 

In  vitro  preparation  of  polv(ADP-rlbo3e)  standard.  The  method 
employed  is  described  previously  (18)  except  that  for  elution  of  poly 
(ADP-ribose)  from  the  boronate  column  1  M  triethylammonlum  acetate  (pH  6.3) 
was  used  instead  of  Trls-HCL. 

Preparation  of  2 *-<5* -phosphor Ibosyl)  tdenoslne  5 ’-monophosphate 
(PR-AMP)  standard  was  done  as  described  previously  (18). 

Tritium  ’’labelling'*  of  poly(ADP-rlbo3e)  and  AMP. 

(a)  Oxidation  of  polY(ADP-rlbo3e)  and  AMP  with  sodium  periodate. 

Samples  containing  up  to  50  nmol  of  cls-dlol  groups  In  0.100  ml  of  distilled 
water  were  combined  with  0.010  ml  of  10  mM  sodium  periodate,  vortexed  and 
allowed  to  react  in  the  dark  at  room  temperature  for  30  minutes.  This  reaction 
time  assures  complete  oxidation  of  the  2*.3*-cl3-dlol3  of  the  rlbose 
moieties  of  the  polynucleotide  to  the  corresponding  dialdehydes  without 
breakage  of  the  polymer  backbone  (18).  The  oxidized  sample  was  immediately 
reduced  in  situ  (see  below). 


*In  contrast  to  Tris-HJl,  triethylammonium  acetate  quantitatively  elutes 
poly  and  mono (ADP-ribose)  from  the  boronate  gel  and,  due  to  its  volatility, 
can  be  removed  by  freeze-drying,  thus  Gllminating  the  need  for  desalting. 


(b)  Reduction  of  oxidized  polv(ADP-rlbo3e)  and  AMP  with  [^Hl-sodlum 
borohydrlde.  The  periodate-oxidized  sample  of  the  polynucleotide  or  AMP 
was  chilled,  buffered  by  addition  of  0.005  ml  of  0.10  M  potassium  phosphate 
(pH  6.6)  followed  by  0.005  ml  of  a  0.10  M  solution  of  sodium  [^H}-borohydrlde 
in  0.10  M  potassium  hydroxide.  The  resultant  solution,  which  was  mildly 
basic  (pH  8-9),  '<a8  allowed  to'  react  in  the  dark  at  room  temperature  for  30 
minutes.  Excess  reducing  agent  was  then  decomposed  by  addition  of  0.025  ml 
of  aqueous  acetic  acid  (2.0  M)  and  the  sample  dried  In  the  fume  hood  by  a 
stream  of  nitrogen.  In  order  to  assure  complete  removal  of  exchangeable 
tritium,  the  dried  sample  was  redlssolved  In  0.100  ml  of  aqueous  acetic  acid 
(0.50  M)  and  then  redrled,  and  this  step  was  repeated  once  more.  The  dried 
sample  was  then  dissolved  In  distilled  water  and  an  aliquot  corresponding 
to  2  to  10  X  10^  cells  was  Injected  Into  the  HPLC  system. 

RESULTS  AND  DISCUSSION 

The  chemical  reactions  wn  which  this  method  is  based  are:  (a)  the 

>  * 

oxidation  by  sodium  periodate  of  the  2.3-cl3-dlol  groups  of  the  ribose 
moieties  In  poly(ADP-rlbo8e)^  and  related  nucleotides,  wheriln  the  ribose 
rings  are  opened  by  a  splitting  of  the  carbon-carbon  bond  of  the  cls-dlol 
and  two  aldehyde  groups  are  formed,  and  (b)  the  reduction  by  [^H] -borohydrlde 
of  these  aldehydes  to  primary  alcohol  groups.  In  the  reduction  of  each 
aldehyde  group,  a  C-H  [^H]  bond  Is  formed  which,  being  nonexchangeable  with 
water  hydrogens,  constitutes  a  stable  isotopic  labelling. 

The  procedure  for  periodate  oxidation  -  (^H]-borohydrlde  reduction 
which  we  employ  represents  a  modification  of  a  method  previously  reported 


In  poly (ADP-r ibose)  each  monomeric  unit  contains  two  ribose  moieties,  but 
only  one  of  these  has  a  cls-dlol  available  for  oxidation. 


for  oxidation-reduction  of  monomeric  rlbonucleosldcs  (21)  and  riboayladenoslne 
(17,22).  Becauae  our  approach,  unlike  that  of  previous  workers,  is  to 
oxidize  poly(ADP-rihose)  in  its  polymeric  form  without  degradation,  it  was 
desirable  to  determine  conditions  for  the  reactivity  of  the  lymer  with 
sodium  periodate.  In  a  previous  study  (18)  we  showed  that  poly(AI]iP-ribose) 

3 

Indeed  undergoes  periodate  oxidation  -  {  H]-borohydrlde  reduction  without 
disruption  of  the  polymeric  backbone,  but  we  did  not  determine  temporal 
requlremento  for  optimal  conditions.  As  seen  In  Table  I  at  a  concentration 
of  0.5  mM  (ADP-rlbose)  units  and  1.0  mM  sodium  periodate  the  Initial  half- 
life  of  oxidation  of  the  polymer  (ceasured  by  sodium  periodate  uptake)  is 
four  times  longer  than  that  of  adenosine  and  tan  times  that  of  AMP.  However, 
the  rate  of  reaction  is  still  sufficiently  fast  that,  at  room  temperature 
with  2  equivalents  of  periodate  present,  oxidation  is  complete  within  30 
minutes. 

The  time  requirement  for  reduction  by  borohydride  of  the  oxidized 

groups  (dlaldchydes)  was  determined  by  HFLC  analyses  of  dlaldehyde  reduction. 

The  reve..  sed-phase  HF7.C  system  (18)  readily  separates  poly  (ADP-rlbose)  from 

nucleotides  (Figure  2).  Figure  2  also  shows  the  elution  peak  identifying 

AMP  which  has  been  periodate  oxidized  and  borohydride-reduced,  denoted 
A 

AMP*,  which  we  employ  as  a  primary  standard.  Figure  3  presents  our  kinetic 
study  of  the  reduction  of  perlodate-oxldlzed  AMP  (AMP-dlaldehyde)  by 
borohydride  to  AMP*  .  At  an  initial  concentration  of  0.A8  mM  AMP-dlaldehyde 
and  A. 8  mM  borohydride,  at  room  temperature,  pH  9,  reduction  to  AMP*  is  rapid 
and  complete  within  10  minutes.  As  seen  In  Figure  3  at  zero  reaction  time 
AMP-dlaldehyde  displays  Itself  as  a  broad  elution  peak  centered  at  A  min. 

“nucleotides  with  *  denotes  [■’Hj-labelllng. 


At  a  raactlon  time  of  0.23  min.  this  broad  paak  la  largaly  transfoimad  to 
two  nav  paaka.  Tha  flrat  at  retantlon  tlaa  4.90  mln.j  tha  aacond  at  7.45  min. 
Tha  flrat  of  thaaa  naw  paaka  la  praaumably  tha  partially  radocad  apaciaa  <l.a., 
with  ona  aldahyda  group  still  unraactad)  vhlla  tha  aacond  la  tha  fully 
raducad  product,  AMP*.  This  bacomaa  avldant  aa  tha  reaction  prograssaa  and 
at  raactlon  tlma  of  10  min.  asaantlally  all  of  the  malarial  la  consolidated 


Into  tha  AMP*  paak. 


It  la  further  %forth  noci.'>a  that 


(a)  a  minor  paik  la 


observed  at 


retention  tlma  23.5  min.  (Figure  3).  Va  have  observed  that  If  tha  reaction 

i 

I 

mixture  le  unbuffered,  this  peak,  which  poeeibly  represents  a  dimeric  aldehyde 

1 

i 

species.  Increases  In  size  although  still  remaining  a!  minor  component.  There¬ 
fore,  In  order  to  minimize  this  minor  product  ve  Incliida  potassium  phosphate 

i 

(pH  6.6)  In  an  amount  equivalent  to  tha  potassium  hydiroxide  in  tha  carrier 

I 

solvent  of  tha  borohydrlda  reagent.  Thus,  whan  boroh|rdrlda  is  added  to  the 

1 

perlodate-oxldlzed  nucleotide,  tha  resultant  solutions  has  a  pH  of  about  9, 

i 

which  Is  sufficiently  basic  to  prevent  decomposition  of  borohydrlda  by 
aqueous  protons,  but  not  so  strongly  basic  to  catalyze  aldahydlc  adducts. 

(b)  Excess  sodium  periodate,  which  carries  over  from  the  oxidation  step,  does 
not  Interfere  with  the  reduction  reaction.  Even  when  the  amount  of  excess 

periodate  was  Intentionally  tripled,  no  inhibition  of  the  borohydrlda  reduction 

■ 

of  the  dlaldehyda  was  obser'/ed.  (c)  If  tha  borohydrlda  raactlon  mixture  Is 
allowed  to  stand  at  room  temperature  for  periods  up  to  an  hour,  no  decomposition 
of  AMP*  Is  detected  In  tha  HPLC. 

Based  on  the  rapidity  of  tha  borohydrlde  reduction  of  AMP-dlaldehyde, 
we  estimate  that  a  30-mlnute  reaction  time  would  be  ample  for  complete 


reduction  of  perlodate-oxldlzed  poly(ADP>rlbo8c)  to  polyCADP-ribose)*. 
This  was  confinaed  by  reacting  oxidized  poly(ADP-rlbose)  with  [^H]-boro- 
hydride  (in  quantities  analogous  to  those  detailed  above  for  AMP)  for 
30  min.,  isolating  the  polymer  by  HPLC  (sec  below),  determining  its 
specific  radioactivity,  and  then  re-subjecting  the  material  to  a  new 
cycle  of  reduction  with  a  large  excess  of  [  H]-borohydrlde  (100  x). 

No  further  incorporation  of  radioactivity  (no  change  in  specific  radio¬ 
activity)  was  detected,  proving  that  during  the  Initial  30-ninutaa 
complete  reduction  was  effected.  In  addition,  the  specific  radioactivity 
of  the  poly (ADP-rlbose)*  was  consistently  the  same  as  that  of  AMP*. 

Concerning  the  HPLC  behavior  of  the  trltiated  derivatives  of  the 
structural  constituents  of  poly(Al}P-ribose)  (l.e.,  AMP*,  PR-AMP*,  and 
Adenosine*)  on  the  OOS  reversed-phase  column,  it  is  predictable  that 
these  molticules  have  shorter  retention  times  than  their  unreacted  parent 
coT-rpoiinds.  Table  II  gives  the  retention  times  for  adenosine,  AMP  and 
FR-AMP  and  their  tritiated  derivatives.  The  shortsr  retention  times  are 
expected  because  oxidation-reduction  of  the  secondary  hydroxyl  groups 
of  the  ribose  ring  (2* .3*-ci8-diol)  results  in  breaiuge  of  the  ring  into 
open  chain  primary  alcohols.  However,  as  we  have  previously  shown  (18), 
ox Ida cion- reduct ion  of  poly(ACP-ribosa)  does  not  alter  significantly 
its  retention  time  in  this  elution  system,  contrary  to  Che  behavior  of 
monomers. 

Por  quantitation  of  pbly(ADP-ribo8e)  by  conversion  to  poly(ADP- 
ribose)*,  we  slmultaneoualy  carry  out  generation  of  AMP*  from  AMP  as 
primary  external  standard.  Figure  4A  shows  the  elution  profile  of  5  nmol 
AMP*  as  followed  by  radioactivity  counts  of  the  HPLC  eluate  fractions. 


Repeated  preparations  of  AMP*  routinely  gave  ua  a  total  of  about  2.1  x  10^ 
cpm/nmol  AMP*.  At  this  specific  radioactivity  it  is  possible  to  detect 
subpicomol  amounts  of  trltlated  product.  If  additional  sensitivity  is 

3 

required,  [  H]>sodlum  borohydrlde  of  higher  specific  radioactivity  can  be 
employed. 

Vhen  analyzing  poly(ADP-ribose)  content  of  biological  samples, 
ve  routinely  ran  parallel  samples  of  AMP,  subjecting  them  to  the  same 
reactions  and  monitoring  the  specific  radioactivity  of  AMP*  as  an  indica¬ 
tion  of  complete  labelling  efficiency. 

Figure  4B  shows  the  elution  profile  of  radioactivity  of  a  double- 

14 

labelled  sample  of  poly(AI}P-rlboae)*  (4  nmol)  derived  from  [  C]-poly 

14 

(ADP-rlbose)  (generated  by  ^  vitro  incubation  of  [  Cl-NAD  with  rat  liver 

nuclei  (18)).  From  this  HPLC  chromatogram,  it  is  clear  that  [^B]-labelling 

14 

has  occurred  only  where  {  C]-label  is  present,  except  for  the  first 
elution  peak  at  about  2.5  min.  (denoted  as  peak  1)  which  has  virtually  no 
retention  tine  in  the  column.  Even  In  blank  samples  containing  no  nucleo¬ 
tide  such  a  tritium-containing  peak  is  observed. 

We  have  found  that  the  elution  profile  and  specific  radioactivity 
of  poly (ADP-rlbose)*  is  not  affected  when  the  ar^unt  of  poly(ADP-rlbose) 

3 

Is  decre'^^ed  significantly  relative  to  the  excess  sodium  periodate  and  [  H]- 
borohydrlde  reagents.  Thus,  when  we  subjected  50  pmol  of  poly(ADP-riboae) 
to  the  same  exact  conditions  as  5  nmol,  the  poly (ADP-rlbose)*  gave  the 
same  elution  profile  and  specific  radioactivity.  However,  peak  1,  which 
does  not  derive  from  the  polymer,  is  observed  to  be  larger  and  constitutes 
the  most  intense  peak  in  the  chromatogram  (not  shown). 


17 


Since  in  biological  samples  the  amount  of  poly (ADP-ribose)  is  not  known  prior 


to  analysis,  it  is  Important  that  the  amounts  of  excess  reagents  do  not 

interefere  with  complete  conversion  to  pcly (ADP-ribose)*. 

In  Figure  4B,  the  double-labelled  t^^C,  peaks  are  identified  as 

follows:  Peaks  2  and  4  are  PR-AMP*  and  very  short  oligomers  respectively, 

while  peaks  3  and  5  are  AMP*  and  poly(ADP-rlob8e)*  respectively. 

Figure  5  represents  a  typical  chromatogram  obtained  from  a  biological 

sample  containing  poly(ADP-rlboae)  from  14C  rat  fibroblasts.  Poly(ADP- 

8 

rlbose)  from  1.08  x  10  calls  was  Isolated  and  dissolved  in  300  ul  of  water. 

A  100  pi  portion  was  subjected  to  the  periodate  oxidation  -  {^H]  borohydride 
reduction  procedure  (see  Experimental  section).  An  aliquot  of  the 

labelled  product  corresponding  to  4.5  x  10^  cells  was  chromatographed.  The 

3  6 

(  H]  counts  under  the  poly (ADP-ribose)*  peak  totalled  1.8  x  10  cpm, 

correspond  jig  to  175  pmol  poly (ADP-ribose)  per  10^  calls.  The  AMP  measur'ed 

as  AMP*,  which  represents  the  mono (ADP-ribose)  content  of  the  calls,  was 

14.3  pmol  par  10^  cells.  This  means  that  one  pmol  ADP-ribose  unit  is 

3  3 

equivalent  with  2.2  x  10  cpm  (  H].  Since  the  method  is  very  sensitive  and 
reproducible,  a  much  smaller  number  of  cells  than  specified  above  is  sufficient 
to  yield  quantitated  amounts  of  AMP*  and  poly (ADP-ribose) *  radioactivity. 

The  intracellular  poly(ADP-ribo8e)  concentrations  reported  by  others 
(14,23-25)  and  obtained  by  different  techniques  in  our  laboratory  (cf.  26) 
aie  in  the  same  order  of  magnitude  as  results  obtained  by  the  present  technique. 
However,  comparioon  with  the  reported  method  based  on  ethenoadenina  fluorescence 
(16)  is  difficult  for  several  reasons.  Cellular  concentrations  of  ribosv’  enoslne 
are  shown  as  relative  fluorescence  values  and  the  range  of  detection  (l--j  pmols) 
was  calculated  from  the  fluorescence  of  standards  without  analytical  data  from 
biological  material  (16). 


18 


Furthermore,  the  Inten  <il  standard,  as  stated  (cf.  16)  was  oligo-ADP- 
rlbose,  >  2.5,  which  has  been  eluted  by  HCL  from  the  affinity  column. 

As  we  have  shown  (19)  the  chromatographic  behavior  of  oligo  and  poly(ADF- 
rlbose)  are  significantly  different  and  we  also  find  (unpublished  results) 


that  polymeric  AOP-rlbose,  with  n. 


30  to  50  does  not  elute  from 


boronate  affinity  cola-mis  by  acidic  eluants.  Therefore,  the  possibility 
cannot  be  excluded  that  by  acid  elution  of  oligo (ADP-ribose)  that  has  been 
isolated  from  biological  material,  some  or  all  of  long  chain  polymers  remain 
on  the  affinity  column  and  may  escape  detection. 

These  discrepancies,  besides  being  attributable  to  the  technical 
problem  of  failure  to  elute  long  polymers  from  affinity  colussis  by 
acidic  eluants  (16)^  could  reflect  also  cell-specific  variations  (27). 

This  problem  concerned  with  comparison  of  varying  cell  types  is  the  subject 
of  a  separate  report. 

Ac knowl ed gment 3 :  This  research  was  supported  by  RL  27317  (National  Institutes 
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FIGURE  LECENDS 


Figure  2.  Rcversed-pheae  BPLC  analysis  of  polyCADP-rlbose)  and 
monomer!:  nucleotides.  Flfty-vl  aliquots  were  Injected,  containing  standards. 
Chromatography  vas  performed  at  room  temperature  and  monitored  by  UV  at  260 
nm;  with  a  recorder  scale  of  0.15  a.u.f.s.  Arrows  Indicate  the  positions  of 
compounds  not  Included  In  the  standard  mixture  but  their  elution  times  determined 
separately. 


Figure  3.  Raver sed-phase  HPLC  monitoring  of  the  borohydrlde  reduction 
of  perlodate-oxldlzed  AMP.  Five  hundred  nmol  of  oxidized  AMP  was  mixed  with 
5000  nmol  of  borohydrlde  In  4.5  mM  potassium  phosphate,  pH  9,  in  a  final 
volume  of  1100  yl.  Aliquots  (110  yl)  were  removed  at  specific  times. 
Immediately  quenched  by  addition  of  50  yl  of  2.0  M  acetic  acid,  dried,  dis¬ 
solved  in  100  yl  of  water  and  a  30  yl  portion  (corresponding  to  15  nmol  of 
oxidized  AMP)  Injected  Into  the  HPLC.  Chromatography  performed  at  room 
temperature  with  UV  detector  at  260  nm.  The  ordinate  was  0.300  a.u.f.s.  in 
each  chromatogram.  The  reaction  times  are  Indicated  on  each  nlo*. 

Figure  4.  Reversed-phase  HPLC  analysis  of  (A)  AMP*  and  (B)  poly 
(ADP-ribose) *  derived  from  In  vitro-generated  poly(ADP-ribo8e) .  In  (A) 

5  nmol  of  AMP*  In  20  yl  of  water  were  Injected  and  fractions  of  the  eluate 
were  collected  and  counted  every  0.5  min.  In  (B),  a  20  yl  sample  containing 


Legendn  to  Figures  (Continued) 


4  nmol  of  polyCADP-rlbose)*,  were  Injected  and  0.5  ml/mln.  fractions  of  the 

3 

eluate  were  collected  and  counted.  The  left  ordinate  represents  [  H] 

14 

and  the  right  ordinate  [  C]. 


1  «  background  peak 

2  -  PR-AMP* 

3  -  AMP* 

4  -  short  chain  (ADP-rlbose)*  , 

n  •  4—1^ 

5  -  poly (ADP-rlbose)*  _  ^O-SO 


Figure  5.  Reversed-phase  HPLC  quantitation  of  poly (ADP-rlbose) 


present  In  14C  cells. 


23 


TABLE  I 

Initial  half-lives  of  the  Reactions  of  Sodium  Periodate  (1.0  oM) 
with  0.50  mM  adenosxne,  5'-.\KP  and  pol7(ADP-ribose)  In  distilled  water 
at  25"C,“ 

Nucleotide 
Adenosine 
5'-A«P 

Poly(ADP-rlbose) 

a 

Progress  of  the  reactions  followed  by  decrease  In  UV  absorbance  at  310  nm 
as  described  (20) . 


TABLE  II 


Conparlson  of  Retention  Times  of  Parents  and  Trltlated 
Derivatives  of  Structural  Constituents  of  Poly(ADP- 
rlbosc). 


Retention  Time  (nln.) 


Compound 

**afent 

Trltlated  Derivative 

PR-AMP 

10.40 

5.12 

AMP 

11.62 

7.45 

Adenosine 

22.84 

14.8 

a  3 

periodate  oxidized  -  [  H]-borohydrlde  reduced. 


FIGURE  1 


FLOW-SHEET  FOR  THE  EXTRACTION  AND  DETERMINATION 


OF  MONO  AND  POLY(ADP-RIBOSE) 


14 C  Rat  Fibroblasts 

20Z  TCA  precipitation 

Protein-Mono (ADP-Rlbose)  +  Proteln-Poly(ADP-Rlbose) 

base  hydrolysis 

>  / 

AMP  +  Poly (ADP-Rlbose).  +  Protein 

phenol  extraction 

V 

Phenyl  boronate  affinity  colunn  (prepared  from  1  g  dry 
resin)  vas  loaded  with  the  aqueous  phase  of  the  phenol 
extract  and  washed  with  1  M  ammonium  carbonate  (for 
details  see  19)  and  eluted  with  40  ml  1  M  trlethyl- 
ammonlum  acetate  (pH  6.3). 

i 

AMP  +  Poly(ADP-Ribose) 

NalO^  oxidation 

Oxidized  AMP  +  Oxidized  Poly(ADP-Ribose) 

l^H]  NaBH^  reduction 

Reduced  AMP  +  Reduced  Poly (ADP-Ribose) 
(tritium  labelled) 

I 

Reversed-Phase  HPLC 


Absofbanca.  260  nm 


Itecbaalaas  of  pol; (AOP-rlbo««)  polyMraso  cotolysls;  aooo- 
ADP-rlboaylatlon  of  polyCACP-riboso)  polyBoraso  at  aM  con- 
eatration  of  HAD. 


1^0  1 


Stnmaary 


Calf  cbyaus  and  rat  llvar  poly (ADP-rltesa)  polyacraaa  anxyBoa,  and 
tha  polyBaraaa  praaant  in  axtracta  of  rat  llvar  noclal  ayntbaaiaa  onatabla 
Bono-ADP-rlboaa  protaln  adducts  at  100  nM  or  lovar  HAD  eoBcantratlona.  Tha 
laolatad  ansyBa-Bono-ADP-r Ibo sa  adduct  bydrolyaas  to  ADP-rlboaa  and  anxyBa 
protaln  at  pH  valuas  slithtly  abova  7.0  Indlcatlns  a  eontlauoua  ralaaaa  of 
ADP-rlbosa  froB  RAD  through  thla  anxyBa-bound  IntarBadlata  nndar  physiological 
conditions.  I62OH  at  pH  7.0  bydrolyaas  tba  Booo>ADP-ribosa  anxyBa  adduct. 
Dasaaino  NAD  and  soaa  othar  hosMlogas  at  nM  eoncantratioas  act  as  "forward** 
activators  of  tba  initiating  aoao>ADP->riboaylation  raaetion.  Thasa  HAD 
analogs  at  uM  eoncantrations  do  not  affaet  pelynar  foxBatlon  that  takaa 
placa  at  vM  RAD  eoncantrations.  BanssBidas  at  nM  eoncantrations  aloe  acti¬ 
vate  aono-ADP-rlboaylatloo  of  tha  anxyma,  but  at  hlghar  eMcantratlons  in¬ 
hibit  alongation  at  uM  RAD  as  substrata.  In  nuelal,  tba  anxyma  nolaenla 
axtansivaly  auto-ADP-ribosylatas  Itsalf,  vbaraas  blstonas  ara  trans-ADP- 
ribosylatad  to  a  wch  lower  extant.  Tba  nnstabla  nono-ADP-rlbesa  anxyna 
adduct  raprasants  an  initiator  intcraadlats  in  poly  ADP-ribosylatlon. 


It  iB  t«n*rall7  as«aa*d  <ef.  1>4)  that  tha  ehroBatln-bouad  .anxyaa 
polyCikDP-rlboaa)  traasfaraaa  or  polyaaraaa  (Z.C.  2.4.99)  tranafara  40P- 
rlbosa  raaiduaa  of  HAD  to  aecaptor  protalna,  aad  notably  in  tha  laolatad 
fora  tha  anryaa  protain  Itaalf  can  aarva  aa  an  aecaptor  in  tha  prasanea  of 
eocnryale  DRA  (15«26),  raxulting  in  aato>poly>A£P>rlboaylatioa.  Slnca 
protalna  othar  than  tha  polyaaraaa  protain  alao  contain  laballad  ADP-rlboaa 
(1,2)  foUovins  incubation  of  nuelal  with  laballad  HAD  it  auat  ba  aaaunad 
that  a  tranafar  aachanlaa  la  oparativa  froa  HAD  althar  dlractly  Aia*-rlbooy- 
latlng  "aecaptor"  protatna  (a.g. •  histonaa),  a  maetlon  praauaably  catalysad 
by  tha  polyaaraaa,  or  altamatlTaly  tha  auto^ADP-rlboaylatad  anryaa  could 
Itaalf  trana-ADP-riboaylata  eartain  aecaptor  protalna.  Thla  quaation  appaara 
to  ba  Ineoaplataly  raaolrad.  It  ia  kaoim  froa  astanalaa  atudiaa  froa 
Hayaiahl'a  laboratory  (2,14)  that  onca  a  polyaar  ia  foraad  on  tha  anxyaa 
it  cannot  ba  tranafarrad  to  hlatonaa.  Tharafora,  if  a  tranafar  oeeura  at 
all,  it  anat  happan  at  tha  aone-ADV-riboaa  laral.  It  baa  alao  baan  daaon- 
atratad  that  hlatona-bouad  ADP-rlboaa  can  ba  alongatad  by  pur if  lad  poly 
(ADP-rlboaa)  polyaaraaa  (S).  It  aaaaad  alaoat  iaaatarial  vfaat  raactlon  lad 
to  a  hlatona  aono-ADf-riboaa  adduct,  ainca  avan  Schlff  baaa  adducta  of 
hiatooaa  (6)  aarvad  aa  alongation  taaplataa  (ef.  5).  It  la  now  bnown  that 
aararal,  aoaatiaaa  non-nuelaar  loeatad,  ASP-rlboaa  arginyl  tranafaraaaa, 
diatinet  froa  poly(ASP-rlbooa)  polyaaraaa,  eaa  tranafar  AnP>rlboaa  to 
hlatonaa  or  caaaln  and  probably  to  othar  protalna  with  apparantly  no  rlgoroua 
aecaptor  apacifieity  (cf.  3)  aad  tha  hlatona  adducta  ttaua  fonad  vtaa  ba 
furthar  alongatad  by  poly(AlV>rlbooa)  polyaaraaa  (7).  Macaaaiatie 
intarprntatlon  ef  tha  anxynology  ef  poly  ADP>ribe8ylation  aad  ef  laportont 
aupra-nolacttlar  owanta  la  ehronatia  that  appaar  to  eoinclda  with  ahifta  in 
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protain  patterns  of  ADP-rlbosylstion  (8,9)  depend  on  e  aore  detailed  understand¬ 
ing  of  the  Initial  steps  of  AlJP-rlbosyl^tlon  at  the  poly(ASF-rlbosh)  polyoerase 
level  (10).  Pursuing  this  question,  the  existence  of  an  early  product  (11)  was 
Indicated.  This  problaa  was  further  studied  by  Incubation  of  the  purified 
enzyme  with  1  uM  NAD  for  20  seconds  (at  37 *C)  followed  by  Isolation  of  aono 
and  ollgo  ADF-rlbose  that  was  bound  to  the  enzyae  protein,  thus  leading  to 
the  conclusion  that  the  enzyaa  contained  aultlple  "Initiator"  sites  (12).  How¬ 
ever,  a  possibly  uimsual  nature  of  the  Initiator  site  has  not  been  considered. 

Ve  have  aaployed  nM  concentrations  of  NAD  as  substrate  for  the  poly(ADP-rlbose) 
polyaerase  of  various  nuclei  and  found  that  alaost  exclusively  aono-ADP- 
rlbose  adducts  wars  synthesized  (13)  Indicating  that  below  uM  concentration 
of  NAD  the  polyaerase  appeared  to  catalyze  aono-ADP-rl'wse  transfer.  Following 
this  experlaental  approach  we  report  here  that  purified  poly (ADP-rlbose) 
polyaerase  froa  two  sources  catalyzes  the  auto-aono-ADP-rlbosylatlon  of  the 
enzyae  protein  resulting  In  highly  unstable  aonoaer  adducts  that  especially 
under  alkaline  conditions,  reported  earlier  to  be  optlaal  for  the  polyaerase 
enzyae  (cf.  1,2),  release  ADP-rlbose  froa  NAD  apparently  accounting  for  the 
known  NAD-glycohydrolaae  activity  of  this  enzyae  (lA).  The  present  paper 
deals  with  kinetic  analyses  and  Interpr station  of  these  phenoaena. 

ECPCTINZHTAL  PKOCIPmUB 

Calf  thyaus  poly  (ADP-rlbose)  polyaerase  was  purified  to  hoaogcnclty 
by  a  published  aethod  and  eoenzyalc  DMA  was  isolated  slaul tan sous ly  (cf.  15). 
Partially  purlflad  rat  liver  poly (ADP-rlbose)  polyaerase  was  'oolatad  to 
stage  17  as  reported  (10).  A17-rlbose,  NAD  and  poly (ADP-rlbose)  were  Identl- 
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fi«d  by  high  psrfozmtnce  liquid  ehroactography  (16a,  b).  Gal  alactrophoraala 
and  anxynatle  aaaays  and  tha  laolatlon  of  rat  llvar  nuclal  vara  canlad  out  aa 
publlahad  (17).  Bapld  laolatlon  of  ADP-rlboaylatad  protalna  by  Saphadax  G-50 
eoluan  cantrlfugatlon  waa  parforsad  aa  daacrlbad  (18). 

HPLC  Idantlfleatlon  of  nticlaotlda  produeta  fxoa  nautral  hydroxy laalno- 
lysla  and  baaa  hydrolyala  of  aono-ADP-rlboaylatad  nuclaar  protalna  waa  carried 
out  as  followa.  Sixty  wg  of  nuclal  wara  ineubatad  with  100  nM 
(S.A.  'C  800  Cl/oaol,  HE8)  far  10  ninutaa.  Tha  reaction  was  stopped  by  addition 
of  1  al  of  20Z  TCA  followed  by  cantrlfugatlon  (2000xg).  Tha  pallat  waa  washed 
further  with  3  additional  portions  of  20Z  TCA,  until  the  supamatant  did  not 
contain  any  appreciable  radioactivity,  and  than  twice  with  l.S  al  portions  of 
dlathyl  ether  to  renove  TCA  and  lipids.  The  pellet  was  than  digested  either 
with  neutral  hydroxylaaina  (1  M  at  37*C  for  1  hour)  or  with  aquaous  potasslua 
hydroxide  (1  M  at  56*C  for  1  hour).  Saaplea  were  acidified  to  pB  5.0,  centri¬ 
fuged,  and  the  clear  supernatant  Injected  Into  the  HPLC  systea.  The  HPLC  con¬ 
ditions  were  the  saaa  as  described  previously  (16a)  except  tha  flow  rata  was 
1.50  al/aln. 

Rat  liver  nuclei  (protein  content  10  ag/al)  were  extracted  with  an  equal 
voluae  of  0.5  M  KCl,  50  aM  Hepea,  5  aM  DTT  pH  7.2  by  Incubation  for  3C  alnutes 
at  4*C,  than  centrifuged  at  lOSOOOxg  for  30  alnutes  at  4*C.  The  supernatant 
(2.7  ag/al  protein  content)  waa  used  for  further  experlaents.  To  200  ul  nuclaar 
extract,  60  ul  of  750  aM  Trie  HQ,  pH  8.0,  50  aM  Mga2.  10  aM  DTT  and  {^S]-NAD  were 
added  (total  voluae  300  uD  and  incubated  for  10  alnutes  at  23*C.  The  final 
MAS  concentration  was  100  nM  .  Thereafter  250  yl  cf  the  saaple  wee  Injected 
into  a  TSK  W-2000  HPLC  coluan  and  chronatographed  with  25  aM  Hepe^  pH  7. A,  0.25 
M  RQ,  2.5  aM  STT  elution  buffer  at  a  0.5  al/aln.  flow  rate  at  23*C.  Balf-al 
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aliquots  were  collected  and  50  vl  of  each  fraction  was  tested  for  radioactivity. 

Fractions  34-35  containing  the  adduct  were  collectad  and  used  for  experiments 

shown  In  Figure  2B.  Alternatively  5  z  10  M  purified  calf  tfaysus  poly  (ABF- 
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rlbosa)  pplymerasa  was  Incubated  with  100  nM  [  ?]-IUD  for  20  minutes  at  23*C 

under  the  conditions  described  In  the  Legend  to  Figure  1.  The  total  volume 

was  100  )j1.  At  the  and  of  incubation,  the  aacroaolecules  were  separated  from 
32 

the  unreacted  [  P]-I1A0  by  Saphadaz  G-50  coluxm  centrifugation  (18)  using  10.0 
aM  Trie  HQ  pH  7.4,  10  aM  MgQ2,  and  2.0  aM  DTT  as  aqulllbratlon  buffar.  Ninety 
to  95Z  ABP-rlboae  was  bound  to  proteins.  This  was  deteralned  by  hydrolysis  of 
samples  with  1  N  NaOH  for  ona  hour  at  23*C,  followed  by  neutralization  and  HFLC 
analysas  (16a)  of  products.  In  addition,  products  wera  also  Identlflad  by  PEI- 
cellulosa  TLC,  developed  with  0.9  M  acetic  acid,  0.3  M  LIQ  running  buffer. 

RESULTS 

Autoaodlf Icatlon  of  purified  poly(ABF-rlbose)  polymerase  of  calf  thymus 
was  determined  at  oM  concentrations  of  NAB.  Initial  velocities  were  plotted 
against  NAB  concentrations  as  shown  in  Figure  1.  At  nM  concentrations  (lover 
curve)  a  concave  curve  wae  obtained,  suggesting  multiple  binding  sites  for  NAB. 

Ob  the  other  hand,  when  v^^£  is  plotted  against  uH  concentrations  of  NAB  -  a 
practice  generally  followed  -  no  anomalous  relationship  between  and  NAD 

concentrations  could  be  detected  (Figure  1,  upper  curve). 

The  nature  of  the  AD?-rlbose  enzyme  adduct  was  studied  with  an  extract 
of  rat  liver  nuclei  and  also  with  purified  enzymes,  keeping  NAB  concentrations 
at  or  below  100  nM.  It  la  of  interest  that  regardless  of  the  purification  stage 
of  poly (ABF-rlbose)  polymerase  or  the  time  of  incubation  with  100  nM  or  lower 
concentration  of  NAB  mono-ABP-rlbose  protein  adducts  represented  S5-90Z  of 
protein  products.  With  crude  nuclear  extracts,  depending  on  the  time  of  Incuba- 


« 


IS 


rt 

<• 

>; 

v 

i 


i 

-T 


35 

tlon,  aono-ADP-rlboaylatad  hl«ton«a  v«re  also  fozBcd,  apparently  aa  tha  raaulc 
of  txanaaatariflcatlon  from  anzyna-ADP-rlboaa  (Bauar,  P.l.  and  Kun,;Z. ,  un- 
publlahad).  Bat  llvar  nuclal  vara  axtractad  with  0.5  M  KCl  and  thla  extract 
Incubatad  with  100  nM  NAD,  and  tha  ai^-rlhoaylatad  anzyaa  aaa  laolatad  on  a 
TSK  V-2000  HPLC  coluan  aa  ahown  In  Ficura  2A.  Aa  Identical  peak  waa  obtained 
vfaan  tha  hoaoganoua  calf  thyaua  anzyaa  waa  ADP-rlboaylatad.  The  aaaa  ADP» 
rlboae-anzyne  adduct  waa  alao  laolatad  by  Saphadaz  centilfugatlon  at  4*C 
(cf.  18)  in  order  to  oaintaln  aazlaal  anzynatlc  activity  auitabla  for  tha 
Idantiflcatlon  of  tha  pH  atabllity  of  tha  ADP-rlboaa  anzyaa  bond  (Figure  2B). 

It  ia  evident  that  thla  bond  waa  vary  aanaltive  to  OH*  and  algnlficant  faydrolyala 
occurred  above  pH  7.0.  Tha  nature  of  tha  faydrolyala  product  waa  dataralnad  by 
HPLC  (cf.  16  a.,b.).  Hydrolyala  by  hydrozylaalne  (cf.  20)  at  pH  7,0  or 
faydrolyala  at  pH  8.0,  yielded  only  ADP>riboaa  and  at  pH  14  ADP-rlboaa  waa  claavad 
to  AMP  riboee>pboaphata  aa  ahown  by  raaulta  from  Hllz'a  laboratory  (cf.  1). 

Tha  kinatlca  of  ayntheaia  and  faydrolyala  of  ADP-rlboaa-anzyoa  adducta 
ara  llluatrated  in  Flgura  3A  and  B.  Partially  purlflad  rat  llvar  poly(ADP- 
rlboaa)  polynaraae  (Flgura  3A)  catalyzad  tha  oono-ADP-rlboaylatlon  of  tha 
enzyne  protein  at  pH  8.0  following  a  tlaa  couraa  ahown  In  curva  1,  axpariaantal 
polnta  raprasantlng  add  praclpltabla  ADP-rlboaa  protaln  adducta.  Aftar  about 
50  alnutaa  tha  rate  declined.  Indicating  an  Increaaad  hydrolyala  of  anzyaa 
ADF-rlboae  adducta.  When  tha  forward  reaction  waa  Inbibltad  by  nlcotlnanlde 
(oT  benzaalde)  at  20  alnutaa,  a  rapid  decay  of  adducta  waa  evident  (curva  2). 
Following  acid  pracipltation,  producta  ware  auapandad  in  1  M  NB2QB  (pH  7.0) 
and  Incubated  at  37*C  for  1  hotir.  Controla,  containing  no  NH2OB,  only  buffer, 
ware  treated  Identically.  About  80-90Z  of  acid  praclpltabla  aatarlala  waa 
hydrolyzed  by  NB^OH  at  pH  7.0  in  1  hour  and  curva  3  waa  obtained.  B3rdroxyl- 
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aalnolysls  perforned  In  Che  Inhibited  eyetea  (curve  2)  resulted  In  curve  4.  It 
wes  epperenc  thsC  the  NH2(S  aeualtlve/reslstsnt  bond  rstlo  «m  nearly  the  same 
In  both  control  (curve  1)  and  inhibited  (curve  2)  systeas.  la  a  separate  series 
of  ezperlaents,  Che  ADP-rlbose  enzyae  sdducts  were  Isolated  (Figure  3B)  by 
Sephadex  cencrlfugation  (18),  as  Indicated  by  a  downward  arrow.  Without  addi¬ 
tion  of  NAD,  the  enzyae-ADP-rlbose  adducts  hydrolyzed  at  pH  8.0  and  this  rate 
was  not  appreciably  altered  by  nicoClnaalde  (or  benzaalde).  Added  NAD  aalntalned 
Che  steady  state  level  of  ADP-rlbose  enzyae  sdducts.  Tbess  czperiaenCs  which 
arc  shown  in  Figure  3B  (inset)  were  done  with  the  hoaogcnous  calf  tbyaus  poly- 
acrase.  The  aua  of  results  (Figure  3A  and  3B)  dcaonstrata  that  the  first  product 
foraed  at  100  nM  NAD  concentration  Is  an  unstable  aonoaerlc  adduct  of  ADP-rlbose 
and  Che  enzyae  protein  and  this  adduct  spontaneously  deeoaposes  at  pR  8.0  in  the 
absence  of  NAD  that  supports  the  forward  reaction.  The  Saae  anzyae-aono-ADF- 
rlbose  adduct  la  foraed  In  crude  and  purified  enzyae  praparatlons .  It  is  note¬ 
worthy  that  even  prolonged  Incubation  with  below  100  nM  NAD  only  yields  aonoaers 
with  only  traces  of  short  ollgoaera,  clearly  dlscrialnsClng  this  initiation  step 
froa  elongation,  that  requires  higher  chan  100  nM  NAD  as  substrata.  This  was. 
verified  by  previously  developed  techniques  (16a, b)  tested  within  10  to  100 
ainutes  following  enzyaatlc  AD?-rlbosylations  (Figure  3).  The  bond  between 
ADP-rlbose  and  protein  waa  identified  as  an  NH2OH  sanaltlve  ester  (first  order 
rate  constant  of  hydrolysis  by  MH2OH  at  pR  7.0,23*C  is  •  1.04  h~^).  Analyses 
of  products  foraed  at  pH  8.0  or  at  pB  7.0  In  the  presence  of  NB2OH  froa  anzyae- 
bound  ADP-ribose  yielded  only  ADP-rlbose  and  no  HAD  was  generated  froa  added 
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With  the  eld  of  NAD  aoeloge  end  inhibitors,  it  wee  possible,  to  diecrim- 
inete  kineticelly  betveen  the  initletion  end  elongetion  uteljrsis  perfoxiaed  by 
the  hoaogencue  celf  thymus  enzyme.  Initletion  was  determined  et  nM  concentra¬ 
tion  end  elongation  et  9  uM  NAD,  (Table  ,  Experiment  1).  Foxiution  of  polymers 
et  9  pM  NAD  was  ascerteined  by  HPLC  (16e,b).  None  of  the  NAD  analogs  had  an 
appreciable  effect  on  elongation,  but  at  nM  concentrations  the  initiation  reaction 
was  notably  activated,  an  effect  that  was  especially  pronounced  at  12  nM  with 
acatyl-pyrldlne-NAD  (Experiment  3,  310S),  and  12  nM  nicotinic  acid  NAD  (Experi¬ 
ment  5,  475Z).  Different  effects  on  initiation  and  on  elongatlen  were  obtained 
with  nM  concentrations  of  benzamide  and  its  amino  analogs,  which  are  known 
inhibitors  of  the  enzyme  (19).  As  shown  in  Experiments  7  to  10,  initiation 
determined  at  25  nM  NAD  concentration  is  activated  by  263Z  by  30  nM  benzaad.de 
and  by  22SZ  by  12  nM  3-aaino benzamide .  On  the  other  hand  elongation,  that 
was  determined  at  NAD  concentrations  varied  between  0.01  -  1.0  oM  and  benzamide 
concentrations  varied  betveen  5  to  200  vM,  exhibited  competitive  inhibition 
with  benzamldes  with  varying  values.  Our  values  differ  from  those 
originally  reported  with  crude  nuclear  extracts  as  a  source  of  polymerase  (cf. 

19).  This  discrepancy  is  probably  due  to  the  experimental  conditions  since  we 
applied  homogenous  calf  thymus  enzyme  and  saturating  concentrations  of  coenzymlc 
EMA  (15).  Due  to  the  complication  introduced  by  cpialltst  :vely  different 
responses  on  initiation  and  elongation  to  different  concentrations  of  an  inhibitor 
(e.g.,  3-amlnobenzamide) ,  the  effects  of  these  substances  on  the  polymerase  can 
be  highly  variable  and  activation  or  inhibition  may  be  obtained  as  a  function  of 
NAD  concentration. 

Monc-ADF-ribosylation  of  proteins  vitb  100  nM  NAD  as  substrate  can  be 
readily  demonstrated  also  with  isolated  rat  liver  nuclei  (cf.  13).  The  quantity 
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of  protoins  Isolated  by  gel  electrophoreele  (17)  me  deteralned  by  dcasltooetry 
using  the  purified  enzyne  protein  end  hletonee  es  etanderd.  Specific  eedloactlvlty 
ms  detendned  for  each  histone  speciea  (cf.  17).  There  ms  s  asrlced  difference 
in  the  specific  activities  (i.e.,  aol  of  AOP-rtbose/aol  protein)  of  the  enzyme 
(calculated  from  Figure  1)  and  histones:  (0.05  -  0.1  mol  ADP>ribose  per  mol  enzyme 
and  0.002  -  0.uu4  mol  AOP-rlboae  per  aol  histone  Hj^),  clearly  indicating  the  pre¬ 
dominance  of  auto-mono-ADP-ribosylation  of  the  enzyme  protein  even  in  nuclei. 

DISCDSSICW 

Our  experimental  results  are  consistent  with  a  machanlim  that  includes 
the  formation  of  an  unstable  mono-ADF-riboee  enzyme  protein  initiator  adduct 
that  is  likely  to  be  the  first  catalytic  prodtict  of  poly  ADF-riboeylatlon. 
Secognltion  of  this  initiator  adduct  (11,12)  has  been  made  difficult  in  the  past 
by  the  use  of  uM  NAD  concentrations,  which  support  both  initiation  and  elongation. 
Identification  of  the  initiator  mono-ADP-rlbosc  adduct  depends  on  nM  concentra¬ 
tions  of  NAD  as  substrate. 

By  accepted  criteria  of  bydroxylaminolysis,  developed  in  Nllz's  labora¬ 
tory  (cf.  1)  Che  ADP-ribose  protein  bonds  are  Identified  as  unstable  ester  bonds, 
in  agreement  with  the  bonds  described  for  poly(ADP-rlbose)  protein  adducts 
(cf.  1-4)  except  we  determined  bydroxylaminolysis  at  pH  7.0  whereas  others  (20) 
at  pH  7.5.  We  find  chat  the  mono-ADF-ribose  enzyme  adducts  are  in  e  dynamic 
state  with  respect  to  NAD  even  at  physiological  pH  values  and  there  is  a  constant 
flow  of  oh”  catalyzed  release  of  ADP-ribose  from  HAD  at  the  ADP-ribose  enzyme 
Initiator  tmsplato.  This  "apparent  NAD  glycohydrolase"  activity  at  the  mono- 
ADP-rlbose  binding  site  can  provide  ADP-ribose  for  Scfalff  base  formation  (6,21) 
with  the  enzyme  protein  or  with  proteins  that  are  located  neer  the  Initiation 
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•It*.  V*  have  ahova  that  the  hydzozylaaln*  inaansltlv*  ADF-rlboaa-protaln 
adducts,  eoaprlslng  1S-30Z  of  total  adducts,  correspond  to  Schlff  &••••  as 
Idantiflad  by  salactlva  borotrltlatlon  (6)  (Bauer,  P.I.  and  Xiia,  B. ,  results 
prasantad  alsawhere). 

Bates  of  ssmo-ADP-rlboeylatlon  of  tha  anzyme  protein  are  greatly  increased 


by  HAS  hoaologs  which  have  no  effect  on  polymerization  (sea  Table).  Details  of 
tha  abnormal  kinetics  at  nM  NAD  concentrations  and  tha  role  of  modifiers  are 
subject  to  further  studies.  The  large  effect  of  desamino  NAD  as  a  "forward" 
activator  of  Initiation  is  probably  physiologically  significant,  since  this 
substaxice  is  a  known  metabolic  precursor  of  NAD.  This  novel,  probably  allosteric 
effector  phenomenon  on  poly  ADP-rlbosylation  Initiation,  which  ia  predictably 
regulated  by  a  protebly  localized  decrease  of  NAD  concentration  at  chromatin  sites 
to  nM  levels,  may  explain  the  180  fold  prevalence  of  monomer  adducts  over  polymer- 
protein  compounds,  as  found  experimentally  in  AH7974  cells  (20).  inother  feature 
of  the  unstable  nono-ADF-rlbose  enzyme  initiation  adducts  is  their  propensity  to 
serve  as  ester-donors  for  ADF-ribose  transesterlf Icatlon  reactions  to  certain 
glutamate  and  lysine  carboxyl  endgroups  of  histones  as  has  been  demonstrated  (22,23) 
In  agreement  with  Kreimeyer,  et  al.  (20)  on  a  molar  basis  ADP-rlbosylatlon  of 
histones  appears  to  be  minimal  as  compared  to  the  enzyme  protein.  The  large 
quantities  of  nuclear  histones  containing  low  molar  specific  activity  of  ADF- 
ribose  (i.e.,  mol  ADF-ribosc/aol  histone)  will  necessarily  exhibit  large  spots  of 
auto-radiograms.  Similar  transesterlf icatlon  Mchanlsms  may  account  for  ADF- 
ribosylation  of  topolsomcrase  (24).  It  has  been  reported  (25)  that  enzymatic 
cleavage  of  histone-ADP-rlbose  adducts  can  be  catalyzed  by  a  cytosolic  enzyme, 
resulting  in  a  rearranged  product  of  ADF-ribose:  ADP-3"-deoxypentoae-2"-ulose, 
that  can  be  chromatographlcally  distinguished  from  ADF-ribose.  Bowever,  hydroxyl- 


aalnolyals  at  pB  7.0  of  tha  aaae  adduct  yields  only  AOP-ribose  (25).  Since  no 
other  substance  except  ADP-rlbose  was  Identified  as  a  product  of  faydroxylaalnolysls 
of  the  ADP-rlbose  cnzyae  Initiator  adduct,  jtbcre  seeas  to  be  no  eoapllcatlng 
Intarference  by  the  reported  ADP-rlbosyl-proteln  lyase  In  our  systan.  Actiially 

this  cnxymatlc  reaction  has  been  rigorously!  deaonstrated  to  act  on  ADP-rlbose 

! 

adducta  of  histone  ond  B2B  (ef.  25).  |  - 

i 

I 

Denonatratlon  of  an  unstable  ADP-rlbose-enzyae  Initiation  addtict, 
detectable  at  nM  NAD  concentrations  and  possessing  special  regulatory  properties 
(e.g.,  forward  activation  by  desaodno  NAD)  provides  a  catalytlcally  feasible  aodel 
for  Initiation  and  Halted  trans-ADP-rlbosylatlon  and  also  explains  the  hitherto 

enigmatic  "cxtra'*-NAD-glycofaydrolase  activity  of  poly  (ADP-rlbose)  polymerase. 

i 
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IZCTSDS 


?iaur«  1 

Odpct  Qarv#;  5.2  s  10  masyum  «m  laeabatad  «lth  [^^C]-XAD  (0-200  uM 

eoacantxatlon  raasa)  la  tba  praaaeea  of  6  vg/al  coaaaTaic  DHA  for  Ona  ainuta  at 

23*C  and  produeta  aaaayad  aa  raportad  (17).  Tba  reloM  of  tba  lacubatloa  alxtura 

naa  100  ul.  Tba  apaeifle  activity  of  aleotinaalda  (0-^^C]-adoDina  dlauelaotlda 
(iaorabaa)  aaa  300  aCl/aaol. 

lowar  Cttrva:  2  x  10~^M  aaayaa  aaa  laeabatad  with  (0-100  nM 

coacantratlon  ranca)  for  ooa  aiaata  at  23*C  la  tba  praaanea  of  6  tig/al  eoaoxyalc 
OKA,  la  a  total  voloaa  of  30  pi. 

Flgura  2 

A.  Xaolatlon  of  aaaya-bouad  AOP-rlboaa  by  HFLC. 

B.  Tba  dapaadaaea  of  bydrolyala  of  AOP-riboaa  aaxyaa  adduct  oa  pH.. 
Idoatleal  raatilta  vara  obtalaad  with  croda  aad  purlfiad  aoxyaaa. 

Flgura  3 

A.  Sffact  of  alcotlaaalda  aad  faydroxylaalaa  on  prod\icta  ayathaaixad  by 

partially  purlfiad  rat  llvar  poly(AOP-rlboaa)  polyaaraaa  (atap  A  of  raf.  10). 
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TWanty  ug  aaxyaa  protala  uaa  Incubatad  alth  100  oM  [  v]-ha2)  aad  23*C,  aad 

allquota  vara  raaovad  at  apaelfiad  tlaaa.  AOP-rlboaa  aaxyaa  adducta  vara 
dataralnad  by  lOT  TCA  pracipltatloa. 

Curva  1  «  vltbout  addltloaa. 

Curva  2  ■  addltloa  of  160  aM  aleotinaalda  or  10  oM  baexaalda. 

Curva  3  >  faydroxylaaluolyala  of  axparlxMBt  daacrlbad  la  Ourva  1. 

Cbrva  4  >  hydroxylaalaolyala  follovlag  addition  of  aleotinaalda 
or  banxaaida. 


B.  (Inset)  4.3  z  10  M  purified  cell  tbysus  enzyM  wee  Ineubeted  with 
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50  nM  of  I  1'1-RAD  in  e  total  woluae  of  150  ul  under  the  conditions  described 
In  71sure  3.  Flwe  til  ellcjuoCs  were  withdrawn  end  the  lOZ  TCA  preclpltable 
radloectlvlty  determined.  Beginning  at  20  minutes  aliquots  of  ADP-rlbosylated 
enzyme  were  withdrawn  and  1^08  sensitivity  of  ADP-rlbose  protein  bonds  were 
eesayed  at  pH  7.0  ( — A — A — ,  — o — o — ,  see  Besults). 

Legend  To  Table  I 

fiucymetlc  actlvltlee  were  determined  under  conditions  described  In 
Legend  to  Figure  1.  NAD-enalogs  and  thelx  concentrations  ere  given  In  coluan  1, 
HAD  concentrations  In  coluan  2,  mono- ADP-rlbosylat Ion  In  coluan  3, 

of  elongation  In  colusi  5.  In  Experiment  No.  1,  elongation  rates  and 


Initiation  rates  are  given  (at  9  pm  and  25  nM  NAD  concentrations  respectively) 
in  the  absence  of  NAD  analogs,  and  coluzn  nos.  4  and  6  expresses  Z  activities 
of  aysteaa  containing  NAD  analogs. 
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TABLE  I.  Effacts  of  RAD  analogs  on  tha  Initiation  and  alongatlon  ratas  of  tha 
autOBodlflcatlon  of  puxlflad  enlf  tfayaua  polyCAOE-rlboaa)  polyoarasa. 


Elongation 

Initiation  lata  lata  paol  ADP 

faol  ADF-ribosa/  riboaa/paol 

Sabatrata  paol  ansyaa  la  1  Z  of  anzyaa  la  1  Z  of 

RAD  ala.  Ro.  1  ala.  Ro.  1 


iaalo 


9  iiM 
25  nM 


Onaalno-RAD 

12  ak 
30  nM 
1  aM 


25 
25 
9  UM 


Acatyl 


dlna-RAD 


12  nM 
30  nM 


25  nM 
25  nM 
9  uM 


Aldabrda 


12  nM 
30  nM 


25  nM 
25  aM 
9  uM 


Rieotlnie 


Acid'HAD 


12  aM 
30  nM 
1  aM 


Aailno 


Idlna-RAD 


12 
30 
1  iMt 


25 
25 
9  VM 


Banzaalda 


12  nM 
30  oM 
5-200  «M 


2-Aalnobanzaalda 


12  aM 
30  nM 
5-200  uM 


9  3- Amino  banzaalda 

12 
30 
5-200 


10  A-Aalaobanaamlda 
12  r»n 


25 
25 

0.01-1  aM 


25 
25 
0.01-1 


25 
25 
0.01-1 


25  nW 


El  -  39  WM 


El  -  71  uM 


El  -  12  uM 


» 
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MECHANISK  OF  INACTIVATION  OF  POLY(A0P-RIBOSE)  FOLTOEKASE  OF 
RAT  LIVER  NUaEl  BY  A-DIAZO-BENZAK!  DE .  COVALENT  BINDING  OF 
THE  DIA20NIUM  COMPOUND  TO  DEOXYGUANlNi:  OF  COENZYMIC  DNA. 


h  3. 


Abstract 


The  4-dlazonlua  derivative  of  4-amino-benzamlde  was  prepared  and 
conditions  for  the  Inactivation  of  nuclear  poly(ADP-rlbose)  polymerase 

3 

by  this  molecule  established.  Labelling  with  [  H]  in  the  3  and  5 

3 

position  was  done  by  I — >[  H]  exchange  In  3,S-dllodo-4>emlno-benzaffllde 
%rhlch  was  then  dlazotlzed,  yleliir.g  neat  Isotopa  Incorporation  Into  4- 
dlazo-benzamlde.  The  nuclear  enzyme  was  Inactivated  by  treatment  (at 
4*C)  with  4>dlazo-benzamlde,  whereas  4-dlazo-benzolc  acid  was  Ineffective. 
Benzamlde,  which  la  a  reversible  Inhibitor  of  poly(ADP-rlbose)  polymerase, 
prevented  enzyme  Inactivation  by  4-dlazo-benzafflldc.  With  the  aid  of 
3,5(^H]-4-dlazo-benzamlde  and  3,5C^R]-4-dlazo-benzolc  acid  It  was  shown 
that  the  dlazonlum  compounds  up  to  5  mM  selectively  bind  to  dCMP  of  DMA 
but  not  to  proteins.  The  catalytic  function  of  coenzymlc  DMA  was  abolished 
by  4-dlazo-benzamlde  parallel  to  Its  covalent  addition  to  dCMP.  4-dlazo- 
benzolc  acid,  although  binding  covalently  to  coenzymlc  DMA  did  not  Inter¬ 
fere  with  its  catalytic  activity.  It  Is  concluded  that  the  covalent  adduct 
of  the  benzamlde  residue  of  4-dlazo-benzamide  to  dGMP  of  coenzymlc  DMA  Is 
kept  at  the  Inhibitory  site  of  the  enzyme  by  the  tlgnt  binding  of  DMA  to 
its  binding  domain  on  the  enzyme  protein.  Therefore,  the  inhibition 
kinetics  of  DMA  bound  benzamlde  residue  appears  to  be  inactivation.  The 
molecular  vicinity  of  catalytic  and  DMA  binding  sites  on  the  enzyme  protein 
appears  probable. 


V 
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A  unique  feature  of  nuclear  polyfADP-rlbose)  pol3raerase  (E.C.  2.4.99) 
is  its  dependence  for  catalytic  activity  on  DNA  (cf.  1,2).  This  DHA  can  be 
simultaneously  Isolated  with  the  enzyme  protein  as  a  species  (or  sequence) 
that  remains  tightly  associated  with  the  enzyme  protein  during  purification 
and  may  be  separated  by  hydroxylapatlte  chromatography  (3) .  The  precise 
Identity  and  catalytic  function  of  this  "coenzymlc"  (cf.  3)  DKA  in  the 
mechanism  of  poly-ADP-rlbosylatlon  constitute  as  yet  unresolved  problems. 

It  was  shown  that  enzymatic  cleavage  or  nicking  of  double-stranded  circular 
DNA  produces  coenzymatically  active  DNA  for  poly(ADP-rlbose)  polymerase 
(4, 5, 6, 7)  and  synthetic  oligodeoxynucleotides  can  klnetically  replace 
coenzymlc  DNA  in  vitro.  (8,9).  However,  it  is  as  yet  unclear  to  what 
extent  these  model  studies  relate  to  ^  vivo  conditions  where  it  may  be 
asstimed  that  a  specific  binding  of  a  specific  DNA  species  or  sequence  to 
the  enzyme  protein  represents  the  regulatory  DNA  coenzyme  of  the  polymerase 
(10  a.,  b.) 

If  a  DNn  species  or  sequence  is  to  participate  In  the  molecular 
mechanism  of  poly-ADP-rlbosylatlon,  it  would  be  expected  that  a  correlation 
should  exist  between  DNA  binding  sites  and  the  catalytic  sites  of  the 
enzyme  protein.  A  dependence  of  values  for  NAD  on  the  concentration  of 
coenzymlc  DNA  (11)  appears  to  support  this  postulate.  We  have  provided 
evidence  that  Identifies  lysine  residues  as  hydrophobic  binding  sites  for 
coenzymlc  DNA  (12,13).  Klnetically  Identifiable  catalytic  sites  of  the 
enzyme  are  the  nicotinamide,  or  NAD  binding  sices,  which  are  readily 
recognizable  by  enzyme  inhibition  with  benzamides  (14),  known  competitors 
of  NAD.  We  assumed  Chat  the  acid  amide  moiety  of  beuzamlde  could  serve 
as  an  active  site  directing  group  and  appropriate  substituents  attached  to 
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the  beozene  ring  may  form  covalent  bonds  with  arniiuj  acid  residues  In  the 
vicinity  of  the  polymerase  enzyme  site.  The  diazonium  derivative  of  4- 
amlno-benzamlde  could  predictably  react  with  tyrosine,  histidine  or  lysine 
residues  (IS)  and  by  isolation  of  these  adducts  the  theoretical  possibility 
exists  to  identify  neighboring  peptide  structures  to  a  presumed  active  site 
of  the  enzyme.  Following  this  strategy,  we  found  with  the  aid  of  highly 
trltlated  4-dlazo-benzamlde,  that  contrary  to  predictions,  this  molecule 
between  1  to  5  mM  did  not  bind  covalently  to  the  enzyme  protein  but 
reacted  preferentially  with  deoxyguanlne  of  the  purified  coenzymlc  DHA,  or 
with  dGMP  of  DNA  present  In  liver  nuclei.  Since  the  covalent  binding  of  4> 
diazo-benzamide  to  DNA  resulted  In  apparent  enzyme  inactivation,  an  effect 
not  shared  by  the  covalent  binding  to  DNA  of  4<-diazo-benzolc  acid,  it  was 
concluded  that  the  Inhibitory  acid  amide  group  was  kept  In  place  at  the 
nicotinamide  binding  site  of  the  enzyme  by  the  tight  association  of  the  benza- 
mlde  residue-containing  coenzymlc  DNA  with  the  enzyme  protein.  The  present 
paper  Is  concerned  with  the  mechanism  of  inactivation  of  polyCADP-ribose) 
polymerase  of  liver  nuc  '.si  by  4-dlazo-benzamlde.  The  site  of  binding  of 
4-dlazo-benzamide  was  determined  both  in  a  reconstructed  system,  composed 
of  purified  polymerase  protein  and  coenzymlc  DNA,  and  in  liver  nuclei. 

EXPERIMENTAL  PROCEDURES 

1.  Synthesis  of  [^Hl-4-amlno-benzamlde.  This  synthesis  was  carried 
out  in  two  steps:  (a)  preparation  of  3,5-dilodo-4-amino-benzamlde;  (b) 

3 

replacement  of  I  by  (  H],  (a)  3,5-dliodo-4-amino-benzolc  acid  was  dissolved 

In  absolute  dloxane  at  a  concentration  of  50  mM.  N-hydroxysucclnlalde 
(100  mM)  and  dlcyclohexylcarbodllmide  (80  mM)  were  added.  The  volume  of 
the  Incubation  mixture  was  50  ml.  After  incubation  for  two  hours  at  room 
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toperatuxe,  50  ml  of  2.9Z  ammonium  hydroxide  was  added  and  incubation  con¬ 
tinued  overnight.  The  reaction  mixture  was  rotoevaporated  twice  from  H2O 
and  twice  from  methanol.  Finally  it  was  suspended  in  25  ml  of  water  and 
filtered  on  a  G3  sintered  glass  filter.  The  solid  material  was  washed  . 
with  H2O,  ether,  then  extracted  with  3  x  15  ml  of  dloxane  followed  by  roto- 

evaporatlon  and  the  product  was  extracted  with  50Z  MetOH.  Final  puriflca- 

an 

tlon  was  achieved  by  HPLC  oi^Ultrasphere  ODS  (Beclcman-Altex)  reversed-nhase  column 
with  iaocratlc  elution  (50Z  Me<^-H20).  The  product  eluted  with  a  retention 
time  of  12  minutes  and  its  purity  was  further  tested  on  TLC/slllca  gel  with 
CHCI3,  EtOB  or  EtAc  as  developing  solvents.  Final  yield  was  12. 4Z.  The 
high  resolution  mass  spectrum  displayed  the  expected  molecular  ion,  m/e 
calculated  for  C7Hgl2N20:  387.8569;  found  387.8538  (deviation  •  8.0  ppm). 

(b)  Labelling  of  3.5-diiodo-4-amino-benzamide  (with  [^Hl)  by  the 
3 

I  —4  [  H]  exchange  reaction.  One  to  two  milligrams  of  the  iodo  compound 
were  dissolved  in  100  to  300  ul  of  methanol  and  the  solution  was  applied  to 
10  to  15  pellets  (1/8”)  of  sillca-alximina  catalyst  support  (#980-25, 

Davison  Chemical  Division,  V.R.  Grace  &  Co.,  Baltlatore,  Md.)  or  to  N1 
catalyst  (SZ)  prepared  according  to  Cao  and  Feng  (16).  The  impregnated 
pellets  were  dried  overnight  in  vacuo.  The  dry  pellets  were  then  placed 
on  the  cold  finger  in  a  tritiation  apparatus  described  earlier  (17).  The 
apparatus  was  evacuated  to  less  than  0.13  Fa  and  tritium  gas  admitted  to 
400-667  Fa  (or  3-5  torr)  before  adding  liquid  nitrogen  to  the  cold  finger 
and  initiating  the  microwave  discharge  with  Tesla  coll.  The  microwave 
power  input  was  80  or  20  watts  for  400  to  Fa  of  tritixna  gas  pressure 
respectively.  After  5  minutes  irradiation  excess  tritium  gas  was  removed 


and  tha  apparatus  flushed  twice  with  heliua  before  opening  to  retrieve  the 
pellets.  Ijhder  these  conditions,  activated  tritlua  species  froa  the  plasma 
can  replace  the  I  atom  In  the  C-I  bond  of  the  iodlnated  molecules  with  T  to 
produce  carrier-free  specifically  tritium- labelled  amlno-bcnzamldes  or 
acids  (18).  The  tritlated  sample  ms  evaporated  from  methanol  to  remove 
the  labile  tritium.  The  product  was  extracted  from  the  solid  support  with 
2  X  1  ml  of  methanol  and  applied  onto  preparative  silica  gel  TLC,  developed 
with  ethylacetate.  The  position  of  4-amlno-benzaaide  was  identified  with 
non-radioactlve  UV  markers.  The  3,5- [^H]-4-amino-benzamide  was  eluted  from 
the  silica  gel  powder  with  methanol.  Finally  it  was  purified  by  reversed- 
phase  RFLC,  ualngj^ Ultrasphere  OUS  (5p.  25  mm  x  4.6  ns  ID)  column.  The 
sample  was  dissolved  in  water  and  injected  into  the  water-equilibrated  column. 

After  washing  the  column  with  H2O  for  10  minutes  (flow  rate  1  ml/mln.)  the 

3 

3,5-dl[  Hl-4-amlno-benzamlde  was  eluted  with  25Z  MetOH  as  isocratlc  eluant 
(RT  19.5  min.).  The  specific  activity  of  the  compound  was  14.4  Ci  per  mmol 
and  25.21  of  Injected  radioactivity  was  recovered  as  the  purified  product. 

2.  Preparation  of  4-dlazo-benzamlde  (20  mM  final  concentration). 
Fifty-five  mg  of  4-amino-benzamide  was  dissolved  in  20  ml  of  0.15  M  HCl 
and  Incubated  for  20  minutes  at  4*C  with  50  mg  of  (IaN02  added  as  solid  and 
stirred.  After  incubation,  the  pH  was  set  to  5.0  -  5.5  with  3  M  NaOH. 

Under  these  conditions,  the  total  amount  (98-lOOZ)  of  4-amlno-benzamide 
was  converted  to  the  dlazo  form.  This  was  determined  by  reversed-phase 
HPLC  as  described  above  (RT  -  9.5  min.).  Absorption  spectra  are  shown 
in  Figure  1,  illustrating  alos  the  stability  of  4-diazo-benzamide  (see 
also  No.  1  in  Figure  5). 
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.  3.  Prepratlon  of  t^Hl-4-dl«2o-b€nz«aid».  Solutions  of  ons  to  ton 

uCl  of  3,5-I^H]-4-snino-beo«snid«  and  various  amounts  of  non-radioactiva 
aaino>benzaaida,  to  achisvs  dasirad  specific  activity,  vara  dried  under  M2  stream 
•  into  Eppendorf  centrifuge  tubas  and  the  dried  astarial  dissolved  in  20  ul  of 

0.15  M  Hd.  IWo  pi  of  a  solution  of  2.5  mg/al  NaM02  vara  added  and  incubated 
for  five  minutes.  The  pB  was  adjusted  between  5.5  >  6.0  upon  addition  of  an 
equal  volume  of  250  sM  Bepea  buffer  pB  7.4.  [^B]>4<-dlazo-benzolc  acid  waa 
prepared  in  the  same  way. 

4.  Calf  thvaua  PolvCADP-ribose)  polymerase  was  purified  to  homogeneity 
by  a  published  method  (3)  and  cocnzymlc  DMA  separated  by  hydroxylapatlte 
chromatography  (cf.  3).  Isolation  of  rat  liver  nuclei,  assays  for  poly(ADF- 
rlbose)  polymerase.  Isolation  of  macromolecular  products  by  gel  electrophoresis 
and  isolation  of  nucleotides  sod  the  dCMP  adduct  were  done  by  methods  reported 
earlier  (19,20,21,22). 

RESULTS 

Since  4-dlazo-benzamlde  would  be  expected  to  be  unstable,  it  was 

essential  to  establish  predictable  Jn  vitro  conditions,  suitable  for  enzyme 

Figure  1  inhibition  assays.  When  the  absorbance  of  freshly  prepared  4-diazo>benza- 
Here 

mlde  (see  Experimental  Procedures)  was  compared  with  4-amlno-benzamlde, 
distinct  spectra  were  obtained  (Figure  lA)  and  at  pH  7.4  at  room  temperature 
a  plot  of  absorbance  changes  vs.  time  (Figure  IB)  illustrates  the  decay  rate 
-  of  the  diazo  compound.  From  the  rate  of  change  in  absorbance  (at  270  nm) 

Che  pH  dependence  of  decay  was  also  determined  as  illustrated  in  Che  inset 
of  Figure  IB.  At  ice  bath  temperature  the  rate  of  decay  of  4-dlazo- 
benzamide  was  followed  up  to  60  min.  at  pH  7.4  (see  Figure  5,  Mo.  1).  Studies 


concerned  with  enzyae  Inectlvatlon  by  A-dleeo-benxeaide  end  edduct  fone- 

.  tlcm  vere  done  under  theee  conditions.  Perticle-bound  pol7(ADF-rlbose) 

pol3niersse,  present  In  liver  nuclei  ere  best  suited  for  the  deterBlnet:lon 

of  the  node  of  action  of  4-diexo-benzsalde  because  nuclei  cen  be  reedlly 

relsolsted  after  treetaent  with  4-diazo-benzsalde  end  degradation  products 

remved  by  centrifugal  washings.  At  varying  concentrations  of  4-dlazo- 

benaaalde,  liver  nuclei  were  incubated  in  an  ice  bath  for  varying  lengths 

of  tlae.  The  effect  of  4-dlazo-benxaalde  on  the  nuclear  systes  was 

tested  by  assaying  poly(AlJP-rlbose)  polynerase  activity  (19).  The  reaction 

Figure  2  of  4-diazo-benzaalde  was  tanlnatcd  by  addition  of  an  excess  of  chloroacetyl 
Here 

tyrosine,  sufficient  to  bind  the  unreacted  dlazonlua  compound.  As  shown  In 
Figure  2,  poly(Al}P->rlbose)  polymerase  was  Inactivated  corresponding  to  a  first 
order  rate,  determined  between  0  and  2.5  mM  concentration  of  4-dlazo-benza~ 
aide  (Figure  2A}  and  a  plot  of  against  the  concentration  of  4>dlazo- 
benzamlde  gave  a  linear  correlatlbn  on  a  semllogarltfaalc  scale  (Figure  2B). 

The  nature  of  the  Inactivation  of  pol7(ADF-rlbose)  polymerase  of 

nuclei  by  4-dlazo-benzaalde  was  tested  by  the  prevention  of  inactivation 

by  benzamlde  which  Is  a  known  reversible  Inhibitor  of  the  enzyme.  The 

effect  of  4-dlazo-benzolc  acid,  that  was  prepared  exactly  as  4~dlazo- 

Table  I  benzamide,  was  also  determined.  These  results  are  summarized  In  Table  I. 

Here 

In  Experiment  No.  2,  nuclei  were  exposed  to  the  dlazotlzing  reagent, 
enzymatic  activity  being  practically  identical  with  controls  (No.  1). 

Benzamide  at  7.7  mM  completely  inhibited  poly(ADP-rlbose)  polymerase  (not 
>•  shown)  but  this  inhibition  was  completely  reversed  by  removal  of  benzamide 

.  by  centrifugal  washing  of  nuclei  (Experiment  3).  Pre-incubation  of  nuclei 


with  1.6  wM  4-dlJizo-b«az«al<i«  as  daaerlbcd  in  Flgura  2,  raaultad  In  signi¬ 
ficant  anxyaa  inactivation  which  coiild  not  ba  ravarsad  by  cantrlfugal 
washing  of  nuclal  (Ezparlaant  4).  Slnultanaous  axposura  of  noelal  to  2.3 
and  7.7  nM  banxaalda  and  1.6  sM  4-dlaso-banaaalda  raaultad  In  a  banxanlda 
concantratlon-dapandant  ;^ravantlon  of  Inactivation  of  tba  polyaaxasa  by 
4-dlaxo-banxaaida,  Indicating  a  coapatltlon  of  banxaalda  with  tha  aacro- 
aolacularly-bound  banxaalda  raaldua  of  4-dlaso-banxaaida.  It  la  apparent 
that  tha  ravarslbla  Inhibitor  banxaalda  by  binding  to  tha  add  aalda 
racognlxlng  aita  of  tha  anxyaa  dlaplacas  tha  covalantly-bound  banxaalda 
raaldua  of  4-dlaxo-banxaalda,  and  aftar  cantrlfugal  washing  that  rmvaa 
banxaalda  catalytic  activity  la  raster ed.  Thaaa  rasulta  also  suggast 
that  tha  covalantly-boxmd  banxaalda  raaldua  pravlously  dlaplacad  by  tha 
fraa  banxaalda  doaa  not  find  Its  way  back  to  tha  catalytic  alta  on  tha 
anxyaa  aftar  raaoval  of  fraa  banxaalda.  Whan  1.6  bM  4-dlaxo-banxoic  acid 
was  exposed  to  nuclal  exactly  as  had  been  dons  with  4>dlaxo-banxaalda,  no 
appreciable  Inactivation  of  poly(AIP-rlbo8a)  polyacrase  could  ba  observed 
(Exparlaant  7).  In  fact,  the  activity  of  the  anxyaa  was  tha  saaa  as  In  the 
bcnxaalde-protected  systea  (coapare  6  and  7) .  These  results  show  that  the 
apparent  Inactivation  of  tha  poly(AD?-rlbose)  polymerase  system  la 
attributable  to  tha  acid-amide  moiety  of  the  covalently-bound  residue  of 
4-diaxo-benxaalde  and  the  predictable  covalent  binding  of  the  dlaxonlum 
compound  of  benxolc  acid  to  a  component  of  the  system  per  se  has  no  inhibitory 
effect. 

It  was  tested  in  separate  experiments  by  the  Isolation  with  HPLC  of 
non-rad loactlve  benzamlds  following  incubation  with  [^H]-4-dlazo-benzamlde 
(not  shown),  that  4-dlazo-benzaalde  did  not  react  with  benxaalde  under  given 


conditions.  Thsrsfor*  this  potsntlsl  srtsfsct,  which  could  nlBlck  s  pro- 

tactlvs  offset  of  bsnssalds,  wss  ruled  out. 

In  subsequent  ejcperiaents  we  determined  the  nserosoleculnr  binding 

sits  of  4>dlszo-benxsalde  by  Isolstlng  both  protein  end  ORA  components  of 

the  poly(AOP-rlbose)  polymersse  system  with  the  eld  of  specific  labelling 
3  32 

probes:  [  H]>4-dlsxo-benz«mlde  and  [  P]>ADP-rlbose  derived  from  RAO.  Two 
systems  were  studied.  First  the  purified  system  composed  of  the  polymerase 
enzyme,  coenzymle  DFi  and  histones;  second  the  pertlcle-bound  nuclear 
systam.  It  should  be  noted  that  In  taese  studies  we  were  only  concerned 
with  Che  binding  of  either  {^H]-A-dlazo~benzsmlde  or  [^^P]-HAD  derived  ADP- 
rlbose  to  mecronolecular  components,  therefore  eech  ligand  was  incubated 
with  the  systems  separately  under  specific  conditions.  Simultaneous  expo¬ 
sure  to  both  4-dlaz6-bcnzaalda  and  NAD  results  In  the  Inhibition  of  ADP- 
rlbosylaclon  as  described  above.  In  a  test  consisting  of  the  purified  enzyme 
protein,  cosnzyalc  DNA  and  added  histones  results  shown  In  Figure  3  were 
obtained.  Protein  and  DNA  components  were  Isolated  by  gel  electrophoresis  as 
reported  earlier  (19,20).  Labelling  with  [  B]-4-dlazo-benzaalde  of  Che  puri¬ 
fied  enzyme  protein  together  with  coenzymle  DNA  at  Ice  bath  temperature  was 

followed  by  gel  separation  of  DHA  and  proteins.  In  a  parallel  run  the  enzyme 

32 

+  coenzymle  DNA  were  Incubated  with  (  P]-labellcd  NAD  at  25*C,and  ADP-rlbose 
protein  adducts  were  also  Isolated  by  gel  electrophoresis  (19).  In  this  gel 
system,  DNA  did  not  enter  Che  gel  and  was  recovered  in  the  first  slices  on  top 

3 

of  Che  gel.  As  demonstrated  In  Figure  3  [  H]  labelled  adduct  of  4-dlazo- 

benzamlde  appeared  exclusively  In  the  coenzymle  DNA  component  of  the  poly 
(ADP-rlbose)  polymerase  system  that  was  reconstructed  from  purified  enzyme 
protein,  coenzymle  DNA  and  histones.  On  the  ocher  hand,  ADP-rlbosylatlon 


59 


Fltu'*  3 

B«r« 


Figure  4 
Here 


occurred  predoulnently  on  the  eoxyae  protein  (120  kOe)  end  to  e  leeser  extent 

on  hletooee.  The  celculeted  specific  activity  of  ORA,  repreeenting  mIs  of 

p-4-dle«o-bentanlde  residue  wee  200  pnol/ueol  base,  l.e. ,  1  out  of  sJoOO  bases 

was  labelled.  In  the  systan  conposed  of  the  purified  enzyne  and  cosnxynlc 

nu  the  preeenca  of  unknown  protein  coreponants  la  nlnlalssd.  Therefore 

electrophoretic  separation  of  coaponents  as  shown  In  Flgiire  3  indicating 
.3, 


evidence  of 
the 


on  the 


I  B]-4-dlaso-bensanlde  to  be  associated  with  OKA  provides  reasonable 
the  selectivity  of  the  dlasonlun  salt  towards  ORA.  However,  raising 
concentration  of  4-dlaso~bensanlde  above  5  sM  (10,  20  aM)  results  In {progres¬ 
sive  non-specific  labelling  of  protein  coaponents  also,  thus  selectivity  Is 
lost.  For  these  reasons,  the  reproducibility  of  our  results  depends 
low  concentration  (up  to  3  nM)  of  4-dlaso-beozaalde  indicating  an  ap^rent 

I 

higher  affinity  of  A-dlaso-bensaaide  towards  DNA  than  towards  protalks. 

32! 

As  shown  In  Figure  4a  following  Incubation  of  nuclei  with  [  ?]-RAD, 

I 

a  nuaber  of  ASP-rlbose  acceptors  could  be  Isolated  by  gel  slactrophoresls. 
Including  the  snsyaS  protein.  Its  probabla  degradation  products  and  .histones, 
exhibiting  labelling  with  AlJP-rlbose.  The  abundance  of  histones  lb  nuclei 

'  explains  their  relatively  high  labelling  (20).  Following  pre- incubation  of 

3  ■ 

nuclei  with  [  Hl-4-dlazo-benzaaids  under  identical  condltl'.Tis  described  for 

L 


experlaents  shown  in  Table  I,  gel  electrophoresis  revealed  no  P 


Label  in 


proteins,  only  in  DNA  (Figure  4B).  Digestion  with  nucleases  significantly 
reduced  [^H]  label  in  DNA,  the  resldxial  label  probably  representing  |  tight 
DNA-proteln  complexes  not  accessible  to  nucleases  (Figure  4C) . 

The  nature  of  the  reaction  products  between  4-dlazo-benzaalde  and  DNA 

i 

was  determined  by  isolation  of  a  specific  deoxynucleotlde  dlazo-benzamlde 
adduct  (Figure  5) .  The  separation  of  spontaneous  degradation  products  of  4- 
dlazo-benzamide  by  HPLC  is  shown  in  Figure  5,  Experiment  1,  benzamlde  being 
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Figure  5 
Here 


» 
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the  Min  product  This  degradation  took  plate  during  prolonged  handling  of 
aanplaa  and  HPLC  analyaea  of  6-dlazc*-benzaalde~0NA  adducts^  whereaa  freshly 
prepared  dlaxonlua  adducts  at  4*C  rcvr>aled  a  saallcr  degree  (about  SOZ  of 
that  shown  in  Expcrlaent  1)  of  decoaposltlon  (coapare  with  Figure  1).  Sone 
degradation  occtirred  in  all  systeas  where  [^H]'^lazo-bcnzaalda  was  Incubated 
either  with  nuclei  (Zxperiaent  2)  or  coenzyalc  DNA  (Exparlaent  S)  or  dcoxy- 
guanlne  aonophosphate  (Experiacnts  4  and  5}  and  In  the  HPLC  hlstograas,  these 
products  are  not  llltistratad.  In  SxperiDcnc  2,  four  daoxynuclaotlde  aono- 
phospbata  Mrkars  ware  located  by  their  absorption  spectra  indicated  by 
downward  arrows.  In  the  ssae  exparlaent  (Ho.- 2),  deoxynucleotldes  Isolated 

after  the  digestion  of  DHA  which  has  been  extracted  froa  nuclei  that  have 

3  3 

been  treated  with  (  H]-diaxo»banzaaide,  were  separated  by  HPLC.  Ho  [  H]  was 

found  in  the  region  of  Mrkers  but  a  new  coapound  distinct  froa  the  marker 

deoxynucleotldes  appeared  that  was  labelled  with  [^H]-dlazo>benzaalde.  The 

same  labelled  nucleotide  was  isolated  froa  coenzyalc  DNA  (Experiaent  3)  and 

Its  identity  with  the  adduct  with  dOiP  is  illustrated  in  Experlaents  4  and  5. 

In  No.  4,  authentic  dGMP  was  reacted  with  [^Hl-dlazo-benzaaide.  The  dGMF 

product  was  subsequently  double-labelled  (with  [  C]-dGMF  and  [  H]-dlazo- 

benzaaide)  as  shown  in  Exparlaent  5.  A  aol/aol  adduct  was  identified  froa 

the  double- Labelled  product  (Experiaent  5) .  It  is  also  apparent  that  the 

14 

dlazonium  derivative  of  dGMP  clearly  separates  froa  unreacted  [  C]-labelled 
dGMP.  The  exact  molecular  structure  of  this  adduct  is  under  investigation. 

It  is  seen  froa  results  shown  in  Table  I  that  4-d la zo- benzoic  acid 
does  not  inactivate  nuclear  poly (ADP-ribose)  polymerase,  although  it  was 
predictable  that  this  diazoniua  coapound  can  also  react  with  DNA  siallar  to 


tb«  Inhibitory  4-<liaxo-b«n<naid«.  Thia  «aa  varifiad  azparlaantally  with 
[^H]-4-dlazo-baaxoie  acid  (raaolta  not  ahovn).  Vhan  coanxyaic  OKA  vaa 
traatad  with  both  diazoniua  cowpounda,  and  coanzyaic  activity  taatad  with 
purifiad  poly(ADP-rlboaa)  polyaaraaa  coaparlng  aqtial  cone antrat Iona  of 
untraatad  and  traatad  coanzyaic  DMA,  raaulta  ahown  In  Figure  6  vara  obtained. 
Qearly,  only  tha  4>diaxo*banzaaida-traated  DMA  proved  inactive  aa  a  coanzyaa. 
Indicating  that  tha  banzaaida  raaidua  covalently  bound  to  DMA  at  dCMP  aitea 
acta  aa  a  highly  efficient  Inhibitor  of  tha  enzyf:.a.  Mon-apacific  danaturatlon 
of  DMA  by  tha  diazoniia  eoapounda  waa  ruled  out  alnca  4*^lazo-banzoic  acid- 
treated  OKA  la  an  equally  affective  coanzyaa  aa  uanodiflad  coanzyaic  DMA 
expoaad  to  tha  aaaa  ezparlaantal  conditlona  (Figure  6,  top  curve). 

Aa  aean  froa  Figure  6,  tha  binding  of  (^H]-4-diazo-benzaaida  to 
coanzyaic  DMA  and  tha  rata  of  Inhibition  of  tha  anzyaa  exhibited  an  inverse 
relationahip,  wheraaa  tha  binding  of  4-dlazo-banzole  acid  to  DMA  had  no 
Inhibitory  consequencaa,  illuatratlng  chat  the  DMA-bound  banzaaida  raaidua 
represents  Che  Inhibitory  species. 

DISCUSSION 

AC  low  concentraCiona  of  4-dlazo-banzaalda  apparent  Inactivation  of 
poly(AD?-ribo8e)  polyaarase  coincides  with  a  covalent  binding  of  the  benzaalde 
residue  to  dCMF  of  coanzyaic  DMA  without  binding  to  the  protein.  Two  observa¬ 
tions:  first,  tha  prevention  of  inactivation  by  benzaalde  and  second,  the 
Inactivation  of  coanzyaic  DMA  by  4-dlazo-benzaaide  but  not  by  A-diazo-benzolc 
acid  are  consistent  with  an  "adaptor”  role  of  coanzyaic  DMA  in  Che  aechsnisa 
of  enzyme  inhibition,  that  klnetlcally  resembles  inactivation  (Figure  2).  The 
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tight  binding  of  DNA  to  the  enzyme  protein  thus  provides  the  mechanism  to 
keep  the  benzamlde  residue  at  the  enzyme  Inhibitory  site,  presumably  the 
NAD-blnding  site.  VHiereas  4-amlno-benzamlde  is  a  relatively  weak,  reversible 
competitive  inhibitor  with  a  of  75  uM,  when  the  benzamlde  residue  is 
covalently  bound  to  coenzymic  DNA  the  inhibition  is  not  reversed  by  centri¬ 
fugal  washings,  that  is  an  entirely  sufficient  method  to  reverse  the  inhibi¬ 
tory  effect  of  benzamlde  itself.  This  unusual  mechanism  also  implies  that 
the  catalytically  active  enzyme  site,  the  aromatic  acid-amide  or  NAD  binding 
site,  is  in  molecular  vicinity  to  the  DNA  binding  domain  of  the  enzyme, 
certainly  not  beyond  a  distance  chat  is  occupied  by  a  benzene  ring.  Sup¬ 
porting  the  inference  baaed  on  kinetics  of  the  vicinity  between  DNA  and  NAD 
sites  (cf.  11)  our  results  provide  more  direct  molecular  evidence  regarding 
the  close  positioning  of  the  two  binding  sites  on  the  enzyme  protein. 

Besides  possible  further  implications  in  the  study  of  Interactions  between 
Che  two  sites  -  a  problem  yet  Co  be  resolved  -  our  results  also  predict  Che 
feasibility  of  constructing  highly  potent  antineoplastlc  drugs  that  combine 
DNA-slky lacing  and  poly(ADP-rlbose)  polymerase  Inhibitory  properties  in 
one  molecule.  This  may  be  accomplished  by  replacing  the  dlazo  substitution 
with  an  alkylating  group  in  benzamlde,  a  synthetic  possibility  which  ve 
are  purruing.  The  rationale  behind  this  plan  is  based  on  observations 
which  demonstrate  a  significant  reinforcement  of  the  anticancer  effectlvlty 
of  DNA-Cargeted  drugs  by  simultaneous  administration  of  an  inhibitor  of 
poly (AD?-ribose)  polymerase  (23, /'A, 25).  It  seems  predictable  that  this 
synergism  should  be  much  more  pronoxmeed  if  the  same  drug  molecule  can 
accomplish  both  DNA-alkylatlon  and  inhibition  of  poly (ADP-rlbose)  polymerase. 
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LEGEND  TO  TABLE  I 


Inactivation  of  nuclear  poly(ADP-rlbose)  polymerase  by  4-dlazo~ 
bcnzaalde  and  Ita  prevention  by  benzanlde.  Suspensions  of  rat  liver  nuclei 
(6  fflg  protein,  1.5  mg  DNA  per  250  pi)  was  Incubated  with  the  diazotlzlng 
reagent  (Experiment  2)  or  with  1.6  mM  4-dlazo-benzamlde  (Experiment  A)  or 


4-dlazo- benzoic  acid  (Experiment  4)  at  0  to  4*C  for  10  minutes,  then  nuclei 


were  relaolated  and  the  enzyme  was  assayed  as  described  In  the  Legend  to 
Figure  2.  In  Experiment  3,  nuclei  were  preincubated  with  7.7  mM  benzamlde 
at  0  to  4*C  for  10  minutes  then  relaolated  and  benzamlde  removed  by 
centrifugal  washing,  and  In  Experiment  5  and  6,  benzamlde  and  4-dlazo- 
benzamlde  were  present  simultaneously  during  prelncubatlon.  Following 
relsolatlon  of  nuclei,  poly(ADP-rlbose)  polymerase  was  assayed  as  described 
(19).  These  results  are  a  means  of  3  experiments  with  a  standard  deviation 
shown  In  the  Table. 


LEGEND  TO  FIGUKE  1 

A.  Absorption  spectra  of  4-dlazo-benzamlde  and  4-amlno-benzamlde, 
0.1  mM,  pH  7.4,  at  room  temperature. 

B.  Decay  of  4-dlazo-benzamlde  at  pH  7.4,  at  room  temperature; 
Inset  >  dependence  of  decay  rate  on  pH  at  room  temperature.  Coordinate: 

Z  of  initial  absorbance  on  a  log  scale;  abscissa:  time  In  minutes. 
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LEGEND  TO  FIGURE  2 

i 

i 

Inactivation  of  nuclear  pol7!(ADP-rlbo«e)  polymerast  by  4-<ilazo~ 
benzaalde.  Rat  liver  nuclei  (cf.  lj9)  equal  to  5  mg  protein,  were  Incu¬ 
bated  In  a  volume  of  200  yl  with  different  amounts  of  4-dlazo-bcnzamlde 

I 

at  4*C.  The  reaction  was  stopped  b^  diluting  the  reaction  mixture  with 
4  ml  of  10  mM  Trls-HCl  pH  7.4,  3  mM  MgCl2,  250  mM  sucrose,  1  mg/ml  bovine 
serum  albumin,  buffer  containing  chloroacetyl  tyrosine  (1  mg/ml)  then 
centrifuged  at  500  x  g  for  10  min.  |to  relsolate  nuclei.  The  washing 

j 

process  was  repeated  twice  In  succession  and  finally  nticlel  were  resus¬ 
pended  Into  150  ul  of  the  same  buffer.  The  nuclear  suspension  (equivalent 
to  25-75  ug  ONA)  were  tested  for  poly  (ADP-rlbose)  polymerase  enzyme 

I 

activity  using  9  yH  (^^C]-NAD  (adenine  labelled,  S.A.  «  290  mCl/mmol)  as 
substrate.  In  150  oM  Trls-HCl  pH  8..0,  buffer  containing  10  mM  MgCl2,  and 
1  mM  DTT  In  ^  final  volume  50  yl,  as  reported  (19). 

I 

LEGEND  TO  FIGDRE  3 

i 

Binding  of  4-dlazo-benzamlde  to  coenz'ymlc  DNA  assayed  in  the 
purified  reconstructed  system. 

A.  Purified  poly (ADP-rlbose)  polymerase  (5  yg), coenzymlc  DNA 

(0.2  yg)  and  total  calf  thumus  histones  (10  yg/ml)  were  Incubated  In 

32 

50  yl  Incubation  buffer  (cf.  20)  with  100  nM  [  P]-labelled  NAD  (1.1 
Ci/ymol)  for  1  minute  at  25*C.  Protein-bound  mono-ADP-ribose  adducts 
were  isolated  by  gel  electrophoresis  (cf.  19). 


I 
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B.  Labelling  of  ONA  with  [  Hj-diazo-benzaialde  was  cazxlcd  out  by 
incubating  the  same  system  (enzyme  -f  DNA  -f  histones  but  no  NAD)  with 
0.6  mM  [%]-dlazo-benzamlde  (5.6  uCl)  In  an  Ice-water  bath  for  30  minutes 
In  a  volume  of  50  yl. 

The  reaction  was  terminated  with  the  gel  sample  buffer  (50  vl) 
containing  1  mg/ml  chloracetyl  tyrosine  as  a  dlazonlum  quenching  agent 
and  gel  electrophoresis  performed  as  above  (cf.  19). 

LEGEND  TO  FIGURE  4 

Labelling  of  protein  and  DNA  components  of  the  polv(ADP-rlbo8e) 
polymerase  system  present  In  liver  nuclei. 

A.  Ten  pi  suspension  of  liver  nuclei  (2  mg/ml  protein)  were  allowed 

3 

to  react  with  [  H]-dlazo-benzamlde  (5.1  pCi,  0.1  mM)  at  4*C  for  30  minutes 
and  the  reaction  was  quenched  as  described  in  Legend  of  Figure  3>  followed 
by  gel  electrophoresis  (19). 

LEGEND  TO  FIGURE  5 

Identification  of  dGMP  as  target  of  4-diazo-benzamlde.  Ordinate: 

3 

pmol  I  Hj-diazo-benzamide  covalently  bound  per  experiment.  Abscissa: 


fraction  number. 


Experiments  1  and  2.  EPLC-separatlon  of  spontaneous  degradation 

3 

products  of  4-diazo-benzamide  (I  H]-labelled) ,  determined  under  conditions 

3 

of  Experiments  2  to  5,  [  H]-4-dlazo-benzamlde  (5  pCl,  0.9  mM)  was  incubated 

alone  (Experiment  1)  or  with  10  mM  of  dAMP,  dGMP,  dlMF,  dUMF  (Experiment  2) 

In  10  mM  Trls-HCl  pH  7.4,10  mM  MgCl2,  0.25  M  sucrose  medium  for  60  min.  at 
4*C  In  a  total  volume  of  25  pi.  After  Incubation,  10  pi  was  Injected  onto 
reverse  phase  HFLC  system  (Ultrasphere  ODS,  5p,  25  cm  x  4.6  mm  ID)  and 
developed  with  a  solvent  system  consisting  of  buffer  A:  0.1  M  K  phosphate 
pH  4.25;  buffer  B:  0.1  M  R  phosphate  pH  4.25  and  50Z  acetonitrile.  Upon 
sample  Injection,  gradient  was  started  from  lOOZ.  B  In  20  min.  using  the 
concave  gradient,  curve  9.  Elution  was  continued  with  lOOZ  B  for 
additional  10  min.  Flow  rate  was  1.5  ml/mln. ,  fractions  were  collected 
every  20  min.  The  deoxyrlbonucleotides  were  located  and  Identified  (  '^  ) 
by  their  retention  time  and  by  their  absorption  spectra  (not  shown)  recorded 
by  the  high-speed  spectrophotomctrlc  detector  (Hewlett  Packard  1040-A)  for 
each  peak  (Experiment  2).  The  covalent  binding  of  [^H]-4-diazo-benzamlde 
(1  mM,  50  pCl)  to  DNA  present  in  two  ml  suspensions  of  rat  liver  nuclei  (20 
mg  protein  5.5  mg  DNA)  was  determined  following  Incubation  for  60  min.  at  4*C 
in  a  volume  of  2.5  ml  of  10  mM  Trls-Ha,  pH  7.4,  10  mM  Mga^,  1  mM  DTT  buffer. 
At  the  end  of  incubation,  the  mixture  was  diluted  two-fold  with  the  buffer, 
containing  Che  quenching  agent  chloroacetyl  tyrosine  (1  mg/ml)  and  proteins 
were  extracted  with  5  ml  buffer-saturated  phenol.  The  phenol  extraction  was 
repeated  and  the  combined  phenol  phase  re-extracted  with  water,  and  the 
combined  water  phase  extracted  twice  with  10  ml  of  dlethylether  to  remove  the 
traces  of  phenol.  Nucleic  acids  were  precipitated  with  two  volumes  of  ethanol 
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Legend  to  Figure  5  (Continued) 


In  the  presence  of  0.2  M  Ned  overnight  at  10*C.  The  precipitate  vaa 
collected  by  centrifugation,  dried  In  vacuum,  and  traces  of  SNA  hydrolyzed 
In  3  M  NH^Cffl  at  37*C  for  six  hours.  After  ro to evaporation,  the  sample  was 
dissolved  Into  2  ml  of  50  mM  Trls-Hd  pH  7.4,  20  mM  Nad  and  the  DNA  re- 
preclpltated  with  ethanol  as  described.  Finally  the  DNA  was  dissolved  in 
200  vl  Trls-Hd  (pH  8.0,  100  mM)  containing  100  mM  Mgd2  and  Cad2,  then 
completely  digested  with  DNA-se  I  (1  mg/ml)  plus  Bal-31  nucl'^asa  (25  units 
per  test)  for  6  hours  at  37*C.  The  products  of  digestion  were  directly 
Injected  Into  the  HFLC  system  and  analyzed  as  described.  In  Experiment  2 

'  3 

a  single  deoxynucleotlde  contained  [  R]-dlazo-benzamide  residue. 

In  Experiment  No.  3,  13  pg  coenzymlc  DNA,  dissolved  In  a  final 
volume  of  50  ul  buffer  (sec  above)  was  Incubated  at  4*C  for  60  min.  with 
0,4  mM  [^H]-4-dlazo-benzamlde  (5  pCl),  treated  as  In  Experiment  2,  (diges¬ 
tion  of  DNA)  and  labelled  products  analyzed  by  HFLC  as  described  for  No.  2. 

In  Experiment  No.  4,  10  mM  authentic  dCMP  (10  mM  in  30  pi  buffer, 

3 

pH  7.4)  was  incubated  with  0.9  mM  [  H]-4-dlazo-benzamlde  (5  pCi)  for  60 
min.  and  the  product  Isolated  by  HFLC  as  in  No.  4. 

In  Experiment  No.  5,  160  pM  labelled  dCMP  ([^^C],  500  pCl/mmol)  and 
0.9  mM  [^H]-4-dlazo-benzamlde  (5  pCl)  were  Incubated  exactly  as  In  No.  4, 
and  double-labelled  product  was  Isolated  by  HFLC. 


LEGEND  TO  FIGURE  6 


The  effects  of  pre-treatment  of  coenzymlc  DNA  with  4-dlazo-benzamlde 


and  4-dlazo-benzolc  acid  on  Its  catalytic  function  In  a  reconstructed  system 
composed  of  purified  poly(ADF-rlbo8e)  polymerase  protein  and  coenzymlc  DNA. 


Legend  to  Figure  6  (Continued) 


Conditions  of  enzyme  esseys  were  the  same  as  described  In  the  Legend  to 
Figure  3,  except  after  exposure  to  the  dlazo  compounds,  coenzymlc  DNA  was 
extensively  dialyzed  (6x41  H^O)  and  repreclpltated  by  EtOH  (4*C)  to 
remove  tracea  of  decomposition  products  prior  to  enzyme  assays.  The  blnd- 

3 

Ing  of  the  I  H]-4-diazo-benzaalde  was  determined  by  acid  precipitation  and 
scintillation  spectrometry.  Figure  6  (left  ordinate)  shows  rates  of  ADP- 
rlbosylatlon  In  the  presence  of  coenzymlc  DNA  that  had  been  either  not 
created  (Cop  curve),  treated  with  4-dlazo-benzolc  acid  (1  mM,  second  curve), 
or  with  Che  same  concentration  of  4-dlazo->bcnzamlde  (3rd  concave  curve) . 
Abscissa  ■  time  of  pre~ treatment  of  coenzymlc  DNA.  The  fourth  convex 
curve  shows  Che  covalent  binding  of  4-dlazo-benzamlde  to  coenzymlc  DNA  as 
indicated  by  the  right  ordinate.  The  specific  activity  of  I^H]-4-diazo- 
benzamlde  was  12.5  Cl/mmol.  The  molarity  of  the  polymerase  was  2  nM  and 
of  [^^P]-labelled  NAD  100  nM.  (See  Legend  to  Figure  3). 

enzymatic  activity  with  coenzymlc  DNA. 

enzymatic  activity  with  coenzymlc  DNA  chat  was  treated  with 
4-dlazo-benzolc  acid. 

enzymatic  activity  with  coenzymlc  DNA  that  was  treated  with  4- 
dlazo-benzamlde. 

binding  of  4-diazo-benzamlde  to  coenzymlc  DNA. 


*SD  la  the  sane  as  given  the 
preceedlng  colinm. 
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PROTEOLYTIC  DEGRADATION  OF  POLY(ADP-RIBOSE) 
POLYHERASE  TO  IMMUNOREACTIVE  BDT  ENZYMATICALLY 
INACTIVE  POLYPEPTIDES 
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EXPERIMENTAL  PROCEDURES 

Isolation  of  poly (ADF'-rlbose)  polymerase:  The  enzyme  was  Isolated  from 
frozen  calf  thymus  (Pel-Freeze)  by  the  method  of  Yoshihara,  et  al.  (1978).  In 
short,  this  protocol  involves  homogenization  of  the  tissue  In  50  mM  Trls  HCl, 
pH  7.4,  10  mM  EDTA,  1  mM  NaN^,  1  mM  glutathione,  0.5  mM  dlthlothreltol ,  50  mM 
NaHS03,  0.2  M  NaCl,  and  0.2  mM  PMSF  and  two  sequential  ammonium  sulfate  fraction¬ 
ations  of  40Z  and  802.  After  re-suapenslon  of  the  material  from  the  802 
ammonium  sulfate  precipitation,  the  aasnonlum  sulfate  was  removed  by  passage 
of  the  solution  through  a  Sephadex  G-25  column.  Further  purification  steps 
used  elution  from  DNA  cellulose  and  hydroxy lapat It e  columns.  The  final  step 
was  separation  on  a  Sephadex  G-200  column.  The  "fraction  2"  referred  to  In 
Figures  3  and  4  was  the  material  obtained  from  the  Sephadex  G-25  column. 

Antibody  production:  Antiserum  against  the  purified  enzyme  was  prepared 
by  Antibodies,  Inc.  (Davis,  California)  according  to  the  procedure  of  Sliver  and 
Elgin  (1976).  Purified  poly (ADP-rlbose)  polymerase  was  obtained  from  prepara¬ 
tive  SDS  polyacrylamide  gels  (Laemmli,  1970).  The  gel  band  containing  the  pro¬ 
tein  was  excised,  dried  and  ground  to  a  fine  powder.  The  powder  was  re-suspended 
In  one  volume  of  phosphate  buffered  saline  (0.01  M  sodium  phosphate,  pH  7.6,  0.15 
M  NaCl)  and. emulsified  with  one  volume  of  adjuvant  (Freund's  complete  adjuvant 
for  the  first  injection  and  Freund's  Incomplete  adjuvant  for  the  remaining 
injections).  Rabbits  were  injected  subcutaneously  with  approximately  100  yg  of 
protein  per  injection.  Injections  were  made  every  four  weeks  for  a  total  of 
four  Injections.  For  all  experiments,  total  serum  was  used. 

Immunoblots:  Immunoblots  were  performed  essentially  according  to  Towbin, 
et  al.  (1979).  Proteins  were  separated  on  SDS  polyacrylamide  gels  (Laemmli, 
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1970)  and  transferred  electrophoretlcally  (20  v  16  hrs)  to  nitrocellulose 

(Bio-Rad).  All  remaining  protein  binding  sites  were  blocked  by  Incubation  of 

the  filter  In  0.35  M  NaCl,  10  mM  Tris-HQ,  pH  7.4,  1  aM  EDTA,  0.2  aM  PMSF 

(NET  buffer)  with  10  mg/ml  bovine  serins  albumin  for  three  hours  at  room 

temperature.  The  filter  was  incubated  for  six  hours  at  room  temperature  with 

the  antl-poly(ADP-ribose)  polymerase  serum  diluted  1:25  with  NET  buffer  with 

10  mg/ml  BSA.  Following  six  washes  with  NET  buffer,  the  filter  was  Incubated 

for  six  hours  at  room  temperature  with  affinity  purified  goat  anti-rabbit  IgG, 
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light  and  heavy  chain  specific  antibody  which  had  been  labelled  with  [  I]  by 
the  use  of  lodo-Gen  (Pierce).  After  further  washes  with  RET  buffer,  the  anti¬ 
gen  band  was  visualized  by  autoradiography. 

In  vitro  poly(AIJP-rlbosyl)atloo  of  the  enzyme  and  its  proteolytic  degra¬ 
dation  products:  the  standard  reaction  mixture  contained  150  mM  Trls-HCl, 

pH  8.0,  10  mH  MgCl2.  2  mM  OTT,  0.2  mM  PMSF,  10  ug  ONA,  0.1  ug-0.5  ug  of  protein, 
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and  1.5  mM  [  F]-NAD  (SA  ■  600  Cl/mmol)  in  a  total  reaction  volume  of  100-200  pi. 
The  reaction  time  was  10  seconds.  The  reaction  was  stopped  by  centrlfugarlon  of 
the  mixture  through  a  colussi  of  Sephaa  'x  G-25.  The  DNA  used  in  the  reaction  was 
the  DNA  which  was  separated  from  the  enzyme  during  the  purification  procedure 
at  the  hydroxylapatite  column  step.  This  DNA  is  referred  to  as  coenzynlc  DNA 
and  is  about  50  times  more-  effective  as  a  cofactor  than  crude  thymus  DNA. 

Modified  proteins  were  examined  through  the  use  of  polyacrylamide  gels  at  pH  5.0 
(Jackowshi  and  Kun,  1983)  and  autoradiography. 

RESULTS 

Poly (ADP-rlbose)  polymerase  has  been  Isolated  from  calf  thymus  by  the 
method  of  Yoshihara,  et  al.  (1978).  Table  I  presents  the  re.«ults  of  assays  for 


the  enzymatic  activity  and  protein  content  of  each  step  in  the  purification 
scheme.  The  protein  peak  eluted  from  the  hydroxy lapatite  column  which  contained 
the  enzymatic  activity  (Fraction  4).  In  addition  to  the  120  kOa  band 
characteristic  of  the  pure  enzyme,  a  small  number  of  other  protein  bands  were 
apparent.  These  small  impurities  can  be  removed  by  the  passage  of  Fraction  4 
through  a  Sephadex  G-200  column.  Analysis  by  SDS  polyacrylamide  gel  electro¬ 
phoresis  shows  a  singl  protein  band  of  approximately  120  kDa,  the  pure  enzyme 
(Fraction  5,  not  shown  in  Table  I).  Fraction  4  represents  approximately  a 
300-fold  purification  of  the  enzyme  from  the  crude  extract.  It  should  be  noted 
that  Fraction  2,  which  will  be  Important  to  later  experiments,  is  the  40-80Z 
ammonium  sulfate  precipitate  and  in  a  similar  electrophoretic  analysis  this 
fraction  was  found  to  contain  many  (60-70)  protein  bands. 

Using  the  120  kDa  protein  band  as  purified  on  preparative  electrophoretic 

gels,  an  antiserum  was  prepared  in  rabbits  against  the  enzyme  (Silver  and  Elgin^ 

1976).  The  specificity  of  the  antiserum  for  poly(ADP-ribose)  polymerase  was 

determined  by  two  methods.  In  imaunoblot  experiments,  the  antiserum  bound 

selectively  to  the  120  kDa  band  (Figure  1).  In  in  vitro  labelling  experiments 

with  the  pure  poly (ADP-rlbose)  polymerase,  incubation  of  the  enzyme  with  the 
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a.itlserum  for  5  minutes  before  addition  of  [  P]-labelled  NAD  eliminated  any 
incorporation  of  the  labelled  material.  The  antisertim  at  a  dilution  of  1:10 
was  sufficient  to  totally  eliminate  any  enzymatic  activity  while  a  dilution  of 
1:100  was  only  partially  effective  (Table  II). 

The  use  of  the  antiserum  to  Identify  the  enzyme  on  Western  blots  yielded 
unexpected  findings.  Incubation  of  Fraction  4  of  the  enzyme  preparation  for  ever 
relatively  short  periods  of  time  (minutes)  caused  a  sharp  loss  of  enzymatic  acti\ 


(Table  III).  Examination  of  the  products  of  such  an  Incubation  by  SDS  gel 

electrophoresis  and  Coomassie  blue  staining  revealed  the  loss  of  the  120  kOa 

band  in  those  preparations  which  had  been  subjected  to  incubation.  When  these 

protein  bands  were  transferred  electrophoretlcally  to  nltrocelltilose  and 

Incubated  sequentially  with  the  antiserum  against  the  enzyme  and  then  with 
125 

[  l]-labelled  affinity  purified  goat  anti-rabbit  IgG,  the  120  kDa  band  was 
absent  and  a  new  band  appeared  at  approximately  59  kLa  (Figure  2b) The  new 
band  must  represent  a  relatively  stable  fragment  of  the  original  enzyme  band. 

It  is  probable  that  one  of  the  contaminating  bands  which  is  co-purified  with 
the  enzyme  through  Fraction  4  (the  hydroxy lapatite  column)  is  a  protease  which 
can  degrade  the  enzyme.  To  test  this  hypothesis,  the  incubation  at  37*C  was 
repeated  with  and  without  the  addition  of  the  protease  inhibitor  PMSF.  SDS 
gel  electrophoretic  analysis  of  the  products  of  this  reaction  (Figure  2)  show 
that  the  120  kDa  band  seen  in  Comma ssie  blue  staining  is  retained  in  the  sample 
with  PMSF  but  lost  in  the  sample  without  the  protease  inhibitor  (compare  Figure 
2a  and  2b).  Enzymafc  analyses  of  these  two  preparations  confirm  that  the 
active  enzyme  is  present  only  in  the  samples  with  PMSF. 

Because  the  enzyme  has  the  unique  property  of  being  able  to  modify 
itself  by  auto-poly-ADP-rlbosylation,  it  was  of  interest  to  determine  if  the 
59  kDa  fragment  contained  modification  sites.  To  accomplish  this,  the  enzyme 
was  auto-modified  and  then  allowed  to  degrade  as  before.  Analysis  of  the  product! 
of  this  reaction  on  SDS  gels  and  autoradiography  revealed  that  the  59  kDa  band 
was  ribosylated  (Figure  3).  Furthermore,  this  same  experiment  revealed  the 
stability  and  rate  of  formation  of  the  59  kDa  fragment.  Within  a  period  of  15 
minutes,  the  59  kDa  fragment  appeared  and  was  not  further  degraded  during  further 
incubation  for  four  hours. 


Fraction  2  (Table  I)  was  used  as  a  source  of  the  protease.  When  aliquots 
of  Fraction  2  were  added  to  Fraction  4  or  Fraction  5  enzyme,  a  series  of  breaks 
down  products  Including  the  59  kDa  band  were  seen.  Comparison  of  the  in  vitro 
rlbosylated  breakdown  products  with  the  peptides  that  give  a  cross-reaction  with 
the  antiserum  made  against  the  pure  enzyme  show  good  correspondence  at  the 
higher  molecular  weights  (Figure  4a)  ADP-rlbosylated  proteins,  (Figure  4b) 

Western  Immunoblot. 

SUMMARY 

We  have  Isolated  poly(ADP-rlbose)  poljrmerase  from  calf  thymus  and  examined 
some  of  the  molecular  and  immunological  properties  of  the  enzyme.  An  antlser\im 
prepared  against  the  electrophoretically  purified  enzyme  was  prepared  in  rabbits 
and  shown  to  be  specific  for  the  enzyme  by  the  use  of  Western  immunoblots  and  by 
inhibition  of  the  enzyme  in  In  vitro  reactions.  The  antiserum  was  then  used  to 
Identify  the  enzyme  and  Its  proteolytic  breakdown  products  in  various  experiments. 
It  was  found  that  the  Incubation  of  the  relatively  pure  (Fraction  4)  enzyme  resulti 
in  a  rapid  loss  of  enzymatic  activity  along  with  a  loss  of  the  120  kDa  band 
characteristic  of  the  pure  enzyme.  By  the  use  of  the  antiserum  and  Western  blots 
we  were  able  to  show  the  appearance  of  a  proteolytic  product  as  a  band  at  59  kDa. 
The  specificity  of  the  antiserum  for  the  enzyme  identifies  the  59  kDa  protein 
band  as  a  breakdown  product  of  the  enzyme.  Further  experiments  showed  the  59  kDa 
fragment  to  contain  sites  which  are  poly  ADP-rlbosylated  and  to  be  remarkably 
stable  to  further  degradation.  That  the  degradation  and  loss  of  enzymatic 
activity  were  preventable  by  the  use  of  PMSF  indicates  that  there  is  a  protease 
that  co-purifles  with  the  enzyme  through  the  hydroxylapatite  column  steps.  The 
nature  of  the  columns  in  the  purification  protocol  is  such  that  primarily  DNA 
binding  proteins  are  retained  (DNA  cellulose,  hydroxylapatite).  It  appears  that 


the  protease  In  this  case  must  be  able  to  bind  to  these  types  of  columns.  The 
addition  of  Fraction  2  to  Fraction  4  enzyme  preparations  revealed  a  series  of 
breakdown  products  Including  the  59  kOa  fragment.  It  Is  likely  that  the  same 
protease  Is  present  in  the  Fraction  2  mixture  but  in  a  more  Impure  stage  and 
therefore  the  presence  of  a  ninaber  of  other  breakdown  products  Indicates  an 
Incomplete  reaction.  The  relative  stability  of  the  59  kDa  fragment  may  Indicate 
that  it  contains  ADP-rlbose  acceptor  and  epitope  domains  of  the  enzyme. 


LEGENDS 


Figure  1 

Idertlflcatlon  of  the  enzyme  and  Its  primary  bre;ikdowa  product  by  the 
immunoblot  technique.  Samples  of  the  pure  enzyme  (Fraction  5)  and  Its  break¬ 
down  products  were  separated  on  a  7.5Z  polyacrylamide  SDS  gel  and  transferred 
electrophoretlcally  to  nitrocellulose.  The  nitrocellulose  filter  replica  was 

incubated  sequentially  with  rabbit  antl-polyCADP-rlbose)  polymerase  serum  and 

125 

[  I]-labelled  goat  anti-rabbit  IgG. 

a.  Pure  enzyme  (Fraction  5)  as  visualized  by  Coomassle  blue. 

b.  The  breakdown  products  resulting  from  Incubation  of  Fraction  4 
enzyme  without  protease  inhibitor. 

c.  Immunoblot  of  pure  enzyme. 

d.  Immuxtoblot  of  the  post- incubation  sample  showing  the  single 
cross-reectlng  band  at  59  kOe. 


Figure  2 


Degradation  of  the  enzyme  Is  preventable  by  the  jaddltlon  of  the  protease 
inhibitor  PMSF. 

Samples  of  the  enzyme  (Fraction  4)  were  Incubated  one  hour  at  room 
temprature  with  (a)  and  without  (b)  FMSF.  Examination  of  the  samples  on 

i 

7.5Z  polyacrylamide  SDS  gels  reveals  the  120  kDe  band  Characteristic  of  the 

I 

Intact  enzyme  In  those  samples  with  the  protease  inhibitor  and  the  loss  of 


that  band  and  the  appearance  of  a  59  kDa  band  when  FMSF  is  omitted. 


The  59  kUa  primary  breakdown  product  contains  sites  of  poly(ADP-ribosyl)- 


ation. 

Samples  of  the  enzyme  (Fraction  4)  were  allowed  to  auto-modlfy  themselves 
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with  [  P]-NAD  briefly  and  then  were  exposed  to  an  aliquot  of  Fraction  2  for: 

(a)  zero  time;  (b)  15  minutes;  (c)  1  hour;  (d)  2  hours  and  (e)  3  hours.  The 
breakdown  of  the  enzyme  yields  a  labelled  product  at  59  kDa  and  another  at 
approximately  70(?)  kDa. 

Figure  4 

A  number  of  breakdown  products  of  the  enzyme  can  be  identified  by 
lasmnoblots  and  auto-labelling  of  the  enzyme. 

Enzyme  (Fraction  4)  was  allowed  to  auto-label  briefly  as  outlined  in 
Experimental  Procedures  and  then  Incubated  with  an  aliquot  of  Fraction  2.  The 
breakdown  products  were  separated  on  a  lOZ  polyacrylamide  SDS  gel  and  immuno- 
blotced.  The  resulting  autoradiograms  enable  a  comparison  of  the  autolabelled 
fragments  (a)  with  those  identified  by  the  specific  antiserum  on  immunoblots  (b) . 


Enzyme 


59  kd 
Fragment 


TABLE  II 


Inhibition  of  poly 


(ADP-rlbose)  pol3nnera8e  by  a  specific  antiserum. 


pre-lmmune  serum  | 

j 

1/100  dilution  of  specific  antiserum 

I 

1/10  dilution  of  specific  antiserum 
tmdlluted  antiserum 


Recovered  As  cpm  Acid  Precipitate 


21000 

4500 

0 


0 


I 


I 

I 

I 
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TABLE  III 

Assay  of  enaynatlc  activity  of  the  purified  enzyme  and  Its  proteolytic 
degradation  products. 


24,000 


pure  enzyme  (Fraction  4) 
breakdovm  products 


0 
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NO.  5 

Synthesis  of  deoxyollgonucleotlde  8-mers  as  models  of  co- 
enzymic  DNA  and  tests  for  base  sequence  specificity  in  the 
activation  of  poly(A0F~ribo8e)  polymerase. 

To  help  clarify  the  mechanism  and  biological  role  of  poly(ADP-rlbose) 
polymerase  we  hbve  initiated  work  in  the  chemical  synthesis  of  model  DNA 
molecules  in  order  to  test  the  nature  of  the  Interaction  of  the  enzyme  with 
such  molecules.  In  our  initial,  study  we  synthesized  DNA  duplexes  8-base 
pairs  long,  this  being  the  minimal  length  known  to  function  effectively  as 
coenzymlc  DNA. 

We  have  chosen  to  synthesize  8-mers  of  potential  biological  significance. 
Therefore,  we  chose  three  kinds  of  base  sequences  which  could  be  useful  for 
this  purpose.  We  designate  the  three  synthetic  duplexes  as  A,  ^  and  C.  Du¬ 
plex  A  is  a  consensus  sequence  predicted  in  natural  DNA  to  bind  dexamethasone 
receptor  protein  (see  6).  Duplex  is  a  modification  of  A  wherein  at  two 
sites  there  is  a  transversion  of  T  to  A  residues,  in  order  to  test  biochemical 
sensitivity  to  relatively  subtle  changes  in  base  sequence.  Duplex  ^  is  a 
sequence  of  alternating  purine-pyrimidine  bases  found  in  the  enhancer  region 
of  SV^g  DNA.  It  is  believed  that  such  a  sequence  forms  Z-DNA  (left-handed 
double  helix)  whose  structure  may  be  related  to  transcriptional  activation. 
Specifically,  the  three  duplexes  synthesized  (where  one  strand  is  presented) 
are: 

5'  3' 

A  A-G-A-T-C-A-G-T 

B  A-G-A-A-C  -  A  -  G  -  A 

C  G-C-A-T-G-C-A-T 

Formation  of  double-stranded  DNA  of  course  first  entails  synthesis  of 
single  strands  of  the  desired  base  sequence  plus  strands  of  the  exact  comple¬ 
mentary  sequence.  The  method  of  deoxyollgonucleotlde  synthesis  which  we  employ 
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Is  Che  solid-phase  phosphoramldlte  method  curreotly  aClllzed  in  commercial 
automated  DNA  synthesizers,  but  which  we  effectively  perform  manually  on  a 
sintered  glass  filter.  In  Che  construction  of  a  given  strand,  the  series 
of  S3rntheclc  reactions  begins  at  the  desired  3*  terminal  group,  which  is 
commercially  available  in  the  form  of  a  deox3rnucleoslde  (A,G,C  or  T)  covalently 
bound  by  way  of  its  rlboae  3** -oxygen  to  conCrolled-pore  glass  beads.  These 
beads  are  reacted  while  suspended  on  the  sintered  glass  filter.  The  S'-OH 
of  the  bound  nucleoside  is  allowed  to  condense  with  the  phosphorus  atom  of 
the  next  desired  group  (A,G,C  or  T)  which  is  in  the  form  of  a  specifically  pro¬ 
tected  deoxynucleoslde  -  3'-phosphoramidite.  The  condensation  yields  a  glass- 
bound  dinucleoside  phosphite  which,  on  the  filter,  is  washed  free  of  impurities 
and  excess  reagents.  The  5’-0H  of  this  species  is  then  deproCected  and  allowed 
Co  condense  with  the  next  desired  deoxynucleoslde  -  3 '-phosphoramldlte  to  give 
the  glass-bound  trlnucleoside  phosphite,  and  the  reaction  and  washing  cycles 
are  continued  until  Che  desired  deoxyoligonucleoslde  phosphite  species  is 
attained.  Oxidation  of  the  phosphorus  atoms  from  phosphite  to  the  phosphate 
yields  Che  target  deoxyoligonucleotide  which  is  removed  from  Che  glass  beads  by 
base  hydrolysis  and  freed  of  auxiliary  protecting  groups.  The  oligomer  is  Chen 
separated  from  failure  sequences  by  ion-exchange  HFLC,  with  elution  by 
phosphate  buffer,  and  desalted  on  a  small  reversed-phase  column  to  give  the 
target  oligomer  in  high  purity.  In  our  procedure,  ve  start  with  1  >teole  of 
'^lass-bound  mononucleoside  for  each  synthesis  and  obtain  an  average  of  650  ug 
of  pure  single-strand  DNA  8-mer,  which  is  ample  for  biochemical  experiments. 

Duplex  DNA  is  formed  by  combining  equivalent  amounts  of  complementary 
strands  in  an  annealing  buffer  (50  mM  NaCl,  6.6  mM  Trls  (pH  7.6),  6.6  mM  HgCl2 
and  1.0  mM  dithlothreitol) ,  heating  briefly  at  100*C  and  cooling  slowly  to  room 
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temperature.  The  duplexes  were  labelled  at  both  ends  with  [  P]  using 

32  32 

Y-I  P]-ATP  and  polynuclectide  kinaae.  The  presence  of  [  P]-duplexes  was 

confirmed  by  polyacrylamide  gel  electrophoresis  (20Z)  and  subsequent  auto- 

32 

radiography.  Parallel  samples  of  [  P]-labelled  single-strand  8-mers  were 


run  as  controls. 
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5(A) 


Studies  on  Interaction  of  Poly(AI}P-Rlbose)  Polynerasc 

with  DMA 


INTRODOCTION 

Although  a  large  body  of  Information  la  known  about  the  catalytic 
properties  of  the  eukaryotic  enzyme  poly(ADP-rlbose}  polymerase,  very  little 
Information  Is  available  regarding  the  enzyme  DNA  Interaction.  Our  main 
objective  la  to  elucidate  the  mechanlsm(s)  of  Interaction  of  the  enzyme 
with  DNA. 

RATIONALE 

In  order  to  study  the  Interaction  of  polyCADP-rlbose)  pol  .  erase  with 
DNA  ^  vitro,  a  sensitive  assay  for  binding  was  developed.  This  assay  (see 
below)  will  allow  ud  to  detect  binding  of  the  enzyme  to  DNA  In  extremely  small 
quantities  of  enzyme  and  DNA.  This  assay  will  also  permit  us  to  (a)  carry  out 
quantitative  measurements  of  the  Interaction  and  (b)  assess  the  binding 
efficiencies  of  various  DNA  molecules  which  might  serve  as  effectors  of 
catalytic  activity  and  therefore  look  at  the  relationship  between  catalytic 
activity  and  binding  effeclency  and  (c)  do  competition  assays  to  compare  the 
r>;latlve  binding  efficiencies  of  various  DNA  molecules. 

Finally,  we  would  like  to  use  this  Information  gathered  from  binding 
studies  to  solve  two  major  questions  In  the  reaction  of  poly(ADP-rlboae) 
polymerase- DNA  Interaction.  These  questions  can  be  paraphrased  as  followed; 

1.  It  has  often  been  speculated  that  the  enzyme  binds  to  ends  and 
nicked  regions  In  the  DNA  duplex.  We  will  try  to  answer  this  question  by 
doing  eronuclease  protection  experiments  (for  ends)  and  DNA  polymerase 
(Klenow  fragment)  flll-ln  experiments  (for  nicks). 
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2.  Another  interesting  aspect  of  the  enzyme  >  SNA  interaction  Is  the 
question  whether  the  enzyme  recognizes  any  specific  sequences  on  the  DNA 
molecules.  We  propose  answering  this  question  by  "DNase  1  foot'printing". 

EXPERIMENTAL  DESIGN 

Nitrocellulose  filter  binding  assay.  An  enzyme-DNA  binding  reaction 
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was  done  by  mixing  appropriate  quantities  of  the  purified  enzyme  with  [  P]- 

labelled  DNA  In  a  binding  buffer  (Oghushl,  1980  JBC)  and  the  reaction  mixture 
Is  filtered  through  nitrocellulose  (BASS,  Schleicher  &  Schuell)  filter  discs. 

The  retention  of  radio-label  Is  quantitated  after  repeated  washing  of  the  filter 
disc  with  DMSO  containing  binding  buffer  (to  remove  unbound  radioactivity)  and 
counting  the  radioactivity  in  a  scintillation  counter.  Normally,  in  the 
absence  of  the  enzyme  less  than  S  -  lOZ  of  the  total  input  counts  are  retained 
on  the  nitrocellulose  filter  under  these  conditions.  Appropriate  controls  were 
employed  in  each  case  and  all. experiments  were  done  in  duplicate. 

Competition  assays.  To  quantitate  the  strength  of  binding  of  the  enzyme 
to  Lri'lA,  unlabelled  DNA  from  sources  like  native  co-enzymlc  DNA,  phage  A  DNA 
cut  with  Hind  III,  and  P6R  322  DNA  but  with  Hind  III  was  used  to  compete  with 
labelled  DNA,  (S^  nuclease  digested  co-enzymlc  DNA,  Genomic  14C  cell  DNA  cut 
with  Mbol,  \  Hind  III  fragments,  P3R  322  Hind  III  digest,  D  X  174  RPI  Hae  III 
fragments,  synthetic  octomer  duplexes).  In  each  case,  the  relative  binding 
efficiency  (expressed  as  the  ratio  of  emp  retained  when  unlabelled  DNA  is 
present  vs.  cpm  retained  when  unlabelled  DNA  is  not  present  expressed  as 
percent  of  native  co-enzymlc  DNA  (taken  as  lOOZ))  was  calculated. 
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PRELIMINARY  EXPERIMENTAL  RESULTS 

32 

1.  Demonstration  of  filter  binding,  yt  P]-DNA  bound  to  NC  filters  was 
eluted  from  filter  discs  by  soaking  them  in  elution  buffer  and  ethanol,  precipita¬ 
tion  of  ONA  and  agarose  gel  electrophoresis  and'  autoradiography.  Autoradiography 

showed  that  when  enzyme  Is  present  In  the  fragments  of  the  Input  DNAa  Were 

32 

retained.  When  the  enzyme  Is  absent,  there  was  virtually  no  [  P]-DNA  fragments 
present  In  the  autoradiogram. 

2.  Est^^^n»tlon  of  the  number  of  enzyme  molecules  bound  per  molecule  of 
32 

[  P] -labelled  co-enzymlc  DNA.  Two  titration  experiments  were  dona  for  this 
purpose. 

(a)  Increasing  quantities  of  enzyme  were  used  In  filter-binding  assays 

32 

with  the  nuclease  digested  [  P]-co-enzymlc  DNA  held  constant. 

32 

(b)  Increasing  quantities  of  S-^  digested  [  ?]-co-enzymle  DNA  were  used 
against  a  fixed  concentration  of  the  enzyme. 

In  both  cases,  vas  estimated  (one-half  of  saturation  constant). 

Average  molecular  weight  of  co-enzymlc  DNA  was  estimated  as  330  bp  (from  agarose- 
gel  electrophoresis).  Using  these  numbers  It  vas  estimated  that  on  an  average, 
lA  molecules  of  the  enzyme  could  be  bound  to  one  DMA  molecule  of  an  average 
length  of  350  bp,  assuming  that  all  enzyme  molecules  In  a  given  reaction  mixture 
are  active.  This  number  closely  compared  with  other  estimates  (Hashlda,  1979) 
for  native  co-enzymlc  DNA  obtained  by  other  methods  which  relate  to  the  catalytic 
activity.  We  assume  that  since  the  titration  curves  were  sigmoidal  In  nature, 

(a)  the  DNA  binding  form  of  the  enzyme  is  a  mu-'imer;  (b)  the  enzyme  binds 
cooperatively. 

3.  Competition  assays.  When  various  DNA's  differing  In  their  sequences 
ends  and  lengths  are  used  as  unlabelled  competitors  against  co-enzyme,  genomic, 
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phage,  plasmid  DMAs  and  synthetic  octanucleotldes  we  found  that  the  binding 
efficiencies  differed.  For  example,  native  co-enzymlc  DNA  bound  strongly  to 
the  enzyme  followed  by  Mbol  digest  of  lAC  genomic  DNA  and  synthetic  duplexes: 
(A,9,C)  (see  section  5  above). 

On  the  other  hand,  phage  and  plasmid  DNA  did  show  weaker  binding  by 
the  enzyme.  This  difference  could  be  a  reflection  of  the  availability  of 
specific  sequence  sites  and  the  types  of  ends  both  of  Which  have  been  Implicated 
In  determining  binding  affinities  of  the  enzyme  to  DNA.  One  Important  fact  to 
emerge  from  these  experiments  la  that  In  general  there  IS'  a  close  correlation 
between  binding  efficiencies  and  catalytic  activity  although  there  could  be 


some  exceptions. 
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NO.  6. 

Regulation  of  Dexaaethaaone  Induced  Ras-gene  Expresalon  by 
Coumarln  in  14-C  Rat  Fibroblasts. 

The  most  direct  evidence  In  favor  of  a  real  biological  function  of  poly 
ABP-rlbosylatlon  eoerged  from  two  experimental  flelda,  developed  In  our 
laboratory  (see  Frogresa  Report,  1984).  The  first;  participation  of  poly  ADF- 
rlbosylation  in  hormone  mechanisms;  the  second:  the  prevention  of  neoplastic 
transformation  by  drugs  that  react  with  the  poly(ADP-rlbose)  system.  Since 
neither  of  these  results  >  albeit  highly  persuasive  -  contained  true  molecular 
mechanisms.  It  was  mandatory  to  develop  an  experimental  model,  that  In  macro- 
molecular  terms  can  provide  a  more  detailed  Insight.  The  14-C  cell,  containing 
a  specific  gene-regulatory  construct,  provided  an  experimental  tool  for  the 
testing  of  both  experimental  results  (see  above). 

BACKGROUND 

It  has  beem  well-established  that  glucocorticoids  (dexamethasone,  abbreviated 
Dex.),  stlxnilate  DNA  transcription  by  the  specific  binding  of  DEX-receptor 
complex  to  a  specific  DNA-scquence  (see  "consensus"  octadecxy  nucleotide 
synthesis  in  5),  which  Is  part  of  a  functional  "hormone  responsive  element"  In 
DNA.  If  mammary  tumor  virus  DNA  sequence  (MMTV),  which  is  a  retrovirus  sequence. 

Is  Introduced  downstream  from  ttie  hormone  receptor  DNA  element,  DEX  will 
stimulate  the  MMTV-promoter  (increase  MKT\'-mRNA)  within  minutes,  i.e.,  a  specific 
gene  activation  sequence  is  established.  Combining  this  DNA  construct  with  EJ- 
ras  oncogene  and  a  restriction  fragment  promoter  Into  one  DNA  sequence  is 
illustrated  in  the  Figure  yielding  the  pMMTV-EJ-ras-pVlCl-neo  construct  that 
has  been  transfected  in  a  rat  fibroblast  to  yield  14C  cell  line  (by  William  lee. 
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Department  of  Microbiology,  UCSF).  Sarc-gene  can  be  also  Introduced,  sabsti- 
tutlng  EJ-ras.  The  abbreviations  shown  In  the  Figure  are  denoting  the  names  of 
restriction  endonucleases  used  In  the  gene  construct  synthesis.  This  scheme 
Is  shown  In  the  Figure  on  the  next  page.  The  specific  property  of  14-C  cell 
line  Is  that  It  behaves  like  a  normal  fibroblast  In  cell  culture,  except 
addition  of  lO'^M  Dex  In  two  days  converts  it  Into  a  malignant  phenotype.  This 
phenotype  conversion  Is  readily  seen  by  soft-agar  colonies  (see  Progress 
Report,  1984),  Just  like  In  chemical  or  radiation- induced  carcinogenesis  and 
mechanisms  of  neoplastic  transformation  are  readily  studied  in  this  cell  line. 


In  confirmation  of  earlier  results  (see  Progress  Report,  1984)  Dex 


decrees a j 


».it  enzyme  activity  as  tested  Jn  vitro  and  augmented  pol^ier 


content  (determined  by  the  new  method,  see  1,  this  report).  This  paradox  is 


explalne«l  by  (a)  Dex- Induced  conformation  change  in  chromatin,  making  ADP- 
rlbose  sites  Inaccessible  to  external  HAD  (as  by  necessity  done  in  enzyme  assays) 
but  increasing  In  vivo  ADP-ribosylation  from  Intranuclear  NAD.  Results  are 
summarized  below. 

RESULTS 

Cell  lines  containing  an  Inducible  EJ-ras  oncogene  have  been  developed 
In  order  to  study  the  effect  of  drugs  ^hich  Interact  with  the  poly(ADP-ribose) 
polymerase  system  on  transformation.  These  drugs  are  isoquinoline  (ISOQ)  and 
coumarin  (COUM).  Tlie  14-C  cell  line  was  derived  by  transfection  of  R-1  cells 
with  a  plasmid  containing  a  4.8  kb  Sma-Bgl  II  segment  of  EJ-ras  linked  to  a 
mouse  mammary  tumor  virus  promoter.  14-C  cells  display  morphologic  transforma- 

i 

tion  and  anchorage- Independent  growth  after  a  48  hr  exposure  to  0.1  pM  dexa- 

i 

methasone  (DEX).  Tumor  incidence  and  size  can  be  reduced  when  (1)  cells  are 
exposed  for  72  hours  to  1  pM  ISOQ  or  100  pM  COUM  ±  induction  with  DEX,  prior  to 


Injection  and  when  (2)  rats  are  fed  with  5  viM  ISOQ  or  200  wM  COUM  In  the  water 
supply  ad  llbitua  for  1  week  prior  to  injection.  Concentrations  of  ISOQ  and 
COUM  were  non-toxic  to  cells  or  rats.  In  rats  Injected  with  cells  not  exposed 
to  CEX,  ISOQ  reduced  mean  tumor  weight  (wt)  by  90Z  vs.  control  (p  <  0.01),  and 
COUM  produced  an  81Z  reduction  (p  <  0.01).  To  Investigate  the  mechanism  by 
which  these  drugs  inhibit  tumorlgenesis,  EJ-ras  mRNA  levels  were  examined. 
These  drugs  had  no  effect  on  mRNA  levels.  Poly(ADP-ribose)  content  of  14-C 
cells  was  0.176  umol  ±  lOZ/10^  cells  before  DEX  treatment  and  0.274  pmol/lO^ 
^.ells  after  DEX  treatment.  M  Increase  in  polymer  content  and  decrease  in 
polymerase  enzyme  activity  appears  to  correlate  with  transformation. 

SUMMARY 

(a)  DEX-transformatlon  of  14-C  cells  coincides  with  characteristic 
alberatlon  in  poly  ADP-ribosylatlon,  supporting  the  view  that  the  poly(ADP- 
ribose)  system,  is  instrumental  in  the  as  yet  unknown  process  of  regulation  of 
gene  activation  within  a  defined  DNA  sequence  (as  it  exists  in  14-C  cells). 

(b)  DEX-induced  transformation  and  ^  vivo  tumoregenesls  are  prevented 
by  the  antitransforming  drugs:  coumarln,  previously  shown  to  prevent  chemical 
carclr.w/genous  (see  Progress  Report,  1984). 

These  results  are  the  basis  of  continued  research  aimed  at  genetic  • 


chemical  mechanisms. 


Mathematical  Model 


For  Polv  AD?-Rlbor  ’latlon 


Before  presenting  for  the  poly  ADP-rlboaylatlon  of  an  Initiator  protein, 
a  formal  kinetic  scheme  and  Its  possible  elaboration,  we  survey  In  qualitative 
terms  some  relevant  features  of  the  kinetics.  These  are  taken  up  in  more 
detail  elsehwere  In  this  report.  Some  of  these  featvres  are  shared  with 
uncatalyzed  polymerizations  as  well  aa  with  macromolecular  syntheses  brought 
about  by  other  enzyme  systems. 

Aa  with  moat  other  polymers  formed  by  enzyme  catalysis,  poly(ADP-rlbose) 
synthesis  entails  growth  exclusively  by  accretion  of  monomers  to  a  single 
chain  (nucleic  acid  llgase  reactions  where  two  macromolecular  substrates  are 
linked  in  the  catalytic  process  provide  exceptions  to  this  generality).  However, 
there  Is  with  poly  AOP-rlboaylz:.lon  a  distinct  Initiation  reaction  where  a 
bond  of  a  different  type  than  that  manifest  in  the  polymer  Is  established  as 
a  protein  initiator  site.  As  described  elsewhere  this  primary  step' occurs 
reversibly  at  the  nanomolar  level  of  NAT  while  the  subsequent  elongation  carries 
it  along  to  macromolecular  product  at  the  much  higher  mlcromolecular  concentra¬ 
tions  of  monomer  where  the  polymerization  Is  conveniently  studied.  This  behavior 
encourages  a  formulation  where  an  Initiator  ADP  complex  may  be  treated  as  a 
"simple"  precursor  of  macromolecular  synthesis  with  the  Jetalls  of  kinetics  of 
initiation  treated  seaprately.  The  fact  that  no  direct  reaction  between  poly 
(ADP-rlbose)  chains  occurs  leads  to  the  natural  supposition  that  beyond  a 
certain  length  the  kinetic  parameters,  l.e. ,  maxianim  velocities  and  Michael's 
constants  and  the  rate  constants  of  which  they  are  compounded  should  be  sensibly 
independent  of  polymer  size.  An  account  of  a  highly  simplified  kinetic  treatment 
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embodying  these  pToposltlons  appears  on  subsequent  pages. 

With  a  macTomolecular  species  serving  as  the  initiator  for  the  poly¬ 
merization,  a  heterogeneity  of  initiation  sites  might  not  be  unexpected. 

This  can  mean  that  the  "clear  cut"  temporal  division  into  initiation  and 
elongation  can  be  complicated  by  a  slow  initiation  of  chains  at  some  sites 
taking  place  while  other  sites  are  well  into  the  elongation  phase.  Evidence 
for  such  a  complication  is  probably  already  at  hand. 

One  aspect  of  enzyme  catalyzed  polymerizations  probably  without  a  counter¬ 
part  in  uncatalyred  polymer  synthesis  is  provided  by  the  so-called  processlve 
attack  of  an  enzyme  on  a  macromolecular  substrate.  In  such  a  situation  there 
is  a  probability  of  an  enzyme  molecule  once  having  formed  s.  complex  with  a  given 
polymer  chain  remnins  in  intlm/te  association  with  it  %diile  the  elongation 
(or  degradation)  of  taa  chain  proceeds.  After  a  finite  nimber  of  steps  (pre- 
sximably  s' atlstlcally  distributed),  the  complex  breaks  down.  This  processlve 
mode  of  reaction  has  been  invoked  frequently  for  the  enzymes  of  nucleic  acid 
metal 'lism. 

■.Tie  norm  for  the  chain  size  distribution  in  macromolecular  synthesis  of 
the  type  exemplified  by  poly  ADP-ribosylation  is  the  Poisson  distribution. 
Heterogeneity  of  Initiation  sites  will  lead  to  departures  from  this 
characteristic  form.  Puvlslon  for  a  processlve  reaction  scheme  can  yield  a 
Poisson  distribution  but  with  the  basic  parameter  modified  by  inclusion  of  the 
reassociation  probability. 


PSETIC  AHALTSIS  OF  POL?  ADP-RIBOSTLAnOH 


In  m  previous  report  (AFOSR  prograa  report  1985)  «  kinetic  schamc 
for  the  enzpne  cetelysad  synthesis  of  poly (ABP-rlbose)  frosi  HAS  was 
advanced  which  Involved  an  ordered  saquencs  of  five  steps  with  tan 
forward  and  reverse  rata  constants  taken  to  be  independent  of  chain 
length.  The  assunption  of  a  steady  rate  in  tha  various  enxyne  substrate 
cooplazes  lad  to  a  sat  of  differential  equations  of  the  following  fora: 

In  equation  (1)1  refers  to  tha  initiator  of  the  polyaer  last  ion  and  KaDP- 

rlbose)  etc.  are  the  concentrations  of  species  of  variable  chain  length 
n 

n.  The  "kinetic  cooatants"v^  are  coapositas  of  the  (1)  aaxiaua  velocities 
(2)  the  Michaelis  constants  and  (3)  the  concentrations  of  HAD  and  the 
product  nicotinaaide,  HA. 

As  is  customary,  the  enzyme  kinetic  peraaeters  (1)  and  (2)  are  in 
turn  readily  exprsaslble  in  terms  of  the  ten  rate  constants  of  the  proposed 
reaction  mechanism  (Bloomfield,  et  al.,  1962;  King  and  Altaan,  1956). 

Two  additional  differential  equations  must  be  specified  to  coaplctc 
the  system.  The  rate  of  disappearance  of  aonoacr  (HAD)  and  appearance  of 
by-product  (KA)  are  given  by: 


n*o 

nsi 

Th«  differential  equation  for  the  Initiator  concentration  also  has  a  special 
fora,  vis. 

-  -  A^(rj  -► /v;{xMp <*-«)]  ('*; 

(L  f 

The  same  "kinetic  constants'*  and  appear  In  (2)  and  (3)  as  In  the  set 
of  equations  (1).  This  restriction  particularly  as  It  applies  to  equation 
(2)  and  (3)  vUl  be  discussed  further  helov. 

Substantially,  the  saae  systw  of  equations  had  been  proffered 
earlier  to  describe  ensyae  catalysed  sinfle  strand  polynuclotlde  synthesis 
from  nucleoside  triphosphates  Initiated  by  a  primer  (Teller,  1977).  Both 
the  solution  ignorint  the  back  reaction  and  the  approach  to  equilibrium 
were  discussed  therein.  The  former  yields  a  Toisson  distribution  of  sisas 
(Tlory,  1940,  1953)  vhile  the  latter  rise  ultimately  to  a  most 

probable  distribution  of  species  (Miyake  and  Stockeayer,  1965). 

Tor  the  enzyme  catalysed  synthesis  of  poly(Al}T-ribosa)  it  ms 
deemed  likely  that  the  reverse  reaction  could  be  Ifaored.  The  system  of 
differential  equations  could  then  be  integrated  to  yield  for  the  weight 
fraction  of  n-mer 
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w-K  =.  (^) 

Tha  paraaatar  i«  both  tho  maibor  ovorat*  dagraa  at  polyaarizatlon  <a>  and 
approxiaataly  tha  valua  at  tha  chain  laatth  at  «hieh  la  a  naxlBun.  Zt  can 

ba  axprasaad  aa: 


V 


<o  - 


i 


i 


C^) 


All  tha  particular  it  laa  of  tha  apataa  raalda  In  and  banca  InW 
tafarrtng  all  tho  apaclaa  to  that  of  uaxlnun  llkalihood  C 
on  utllixint  tha  Stlxlln«'a  approxlaatlon  for  tha  factorial  in  aq'n  (A)), 
ylalda 


(V/,) 


Modarata  s(raoaant  vlth  tha  ascpariaantal  data  ana  obtained  vlth  thla  asqpraaslon 
and  Nr*70  around  tha  maximal  (Xun,  at  al.,  1963)  but  aarkad  daparturaa 
occurred  at  abortar  chain  lanstha. 

In  ordar  to  facllltcta  furthar  diacuaalon  of  thla  problaa,  wa  nota 
that  in  tha  Cauaalan  Halt  tha  ?oloaon  dlatrlbutlon  takaa  on  a  form  which 
can  ba  axpraaaad  aa 


I  -  ft?  -  DTAt)  -  I  1 


m«1l 
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Oterganau,  and  Hurphj,  1948).  On*  etbar  raprasaacation,  a  gawt  distribution 
function,  a^loyad  to  daacrlba  llnaar  poljmars  by  Schuls  and  Zlaa  glvaa  for 
tba  weight  fraction 

■  s/y.  For  a  -  1,  this  azprasslon  ylalds  tha  broad  asst  probsbla 
distribution  which  awaits  any  polynarlsatlon  at  aqulllbrlua.  By  tba  arguaants 
ntUlsad  abova  this  distribution  function  prorldas  for  tha  ratio  of  walght 
fraction  of  apaelaa  n  to  that  at  tha  tha  fora 

wharal^  now  plays  tha  rola  of  tba  aacond  peraaatar.  Vban  s  baconaa  larga 
this  distribution  clearly  narrows,  and  at  vV"  It  la,  of  coursa,  Indls- 
tingulshabla  froa  tha  Causslsn  Halt  of  tha  Folaton  distribution.  (aq*n  (7))> 
Tba  synaatry  about  n")^  in  a^’n  (9)  la  a  cossaquanea  of  tha  Gaussian 
Halt  as  In  tha  aora  fcalllsr  aq’n  (7). 

Tha  broadanad  dletrlbutlon  of  chain  lengths  attributed  to  a  hataro- 
ganalty  of  Initiation  sites  sad  alluded  to  aarllar  (Xua,  at  si.,  1983) 
night  In  principle  be  fitted  by  a  suparpesltlsn  of  a  aasbar  of  Foisson 
distributions  with  different  waluas  ofV'.  Vldanlag  due  to  tha  onset  of 
tha  ravarsa  reaction  nomally  daalt  with  by  tba  Incluslcn  of  tha  tarn  in 
night  find  fomal  reprasantstlon  by  aq’ns  (8)  and  (9)  with  bothy*  and 
B  tlaa  dependent.  In  tha  latter  instanea, V*  would  ef  course  Ineraaaa 
with  tlaa  while  s  would  dacraasa  frsaV/'  asd  aowa  toward  unity. 


m. 

Tte  r«Mlals«  peulbla  cau«««  of  braadth  la  tba  dlatrlbutioa  auac 
ba  dlacuaaad.  Tba  flrat  la  a  diffaranea  in  tba  kiaatie  panaatara  for 
lb*  laltiatlon  atap  fraa  tboaa  of  tba  fuxtbat  alcotatlPB  atapa.  T^a  can 
ocear  for  polyaarlaatioaa  aet  eatalysad  bp  aaspaaa.  lowavar,  for  tba  lattar 
eaaa,  tba  tffacta  aay  ba  aora  atrlblac  aad  map  aataad  to  tba  atapa  lavolvad 
in  tba  apatbaala  of  atrip  oli^oMra.  Tba  aeeoad  eaaaa  arlaaa  froa  tba 
phaaoaaooa  of  proeaaalvltp  ia  eatalptie  raaetioaa  aaJ  la  aspaetad  to  ba 
aoat  aarkad  la  hatarogaaaoaa  or  aiirfaca  catalpals  or  vltb  aaapaaa.  Trocaaolva 
raaotloa  la  hara  aaant  to  iaelTida  raaetioaa  la  which  tba  catalpat  baa  a 
flalta  poaalbilltp  of  raaalalas  aaaoclatad  wltb  tba  aaeroaolacular  aubatrata 
after  addition  of  a  aoaoacx  ualt  and  la  tbua  la  a  "good"  pcaicloa  to 
eatalpxa  tba  aeqoialtlon  of  aa  additional  nonoaiar. 

Taklat  up  tba  flrat  atatad  eauaa,  wa  can  argua  laaaaueh  ae  tha 
laltiatlon  raaetlon  woat  Inwelva  a  functional  group  of  aa  aalao  acid  aide 
chain  la  tha  aeeaptor  pretala  it  la  parforra  ehoaleallp  dlatlact  fro*  tha 
aubaaquant  alongatlcn  atapa  la  tba  foraation  of  tha  pol) (iD?»Tlbo6a)  chain. 

Haaea,  an  Initiation  raaetlon  algbt  ba  aocpactad  to  ba  goramad  bp  dlffaract 
rata  conatanta  than  ttaeaa  applping  to  tha  laegthanlag  of  tha  chain.  Thla 
haa  baan  obaarvad  axparlaantallp  (lauw,  Bakaa,  gun,  aaaaacrlpt  la  prograaa, 

19dS}.  Ignoring  tha  ravarsa  raaetlon,  l.o.,  (v^  >  0),  wa  nuat  nodlfp  tha 
flrat  aquation  of  tha  act  (1)  and  aquatloca  (2'  and  (3)  bp  replacing  '^f  bu 
which  la  dlatlact  fro*  or  tba  propagation  "rata  eonstent"  which  appears 

for  all  tboaa  reactions  lavolvtng  dlaars  and  larger  spaclea. 

Soa^  ati'dlea  (Cold,  1952,  1959)  dlraetad  toward  axtendlag  Florp’s 
original  arguaants  (Tlorp,  1940,  1953)  can  aarva  aa  a  partial  guide  hara. 

Mo  alaipla  fora  for  tha  dlatrlbutlon  at  all  tlaas  aaaa«  to  aaiarga.  Fox 
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•  la  our  dovolopaent  an  Initiation  such  olovor  than  tha  aubaaquant 

alongation  rataa,  «a  can  eoneluda  froa  thaaa  lavaatlgatlona  that  tha 

2  2 

polydlaparalty  ladax  <n  )/<a>  only  aaaaa  to  attain  a  aaslaua  of  about 

6  2  2 
1.3  to  1.4  for  r  varying  batvaan  1  and  10  .  Tha  quantity  (n  r  ,/<b>  , 

tha  ratio  of  tha  uaigbt,  <n^>/<n>,  to  nabar  avaraga  dagraa  of  polyaarlratlon, 

<o'),  for  a  Polaaon  dlatributl&n  approaehaa  unity.  Thla  in  aoaa  uaya 

aurt>rlalngly  aBall  affaet  of  r  on  tha  polydlaparalty  warrants  ralnvaatiga- 

tlon  particularly  If  la  not  nagllgibla  but  raatalna  ao.  baalnlng 

tha  qnaatlon  of  ravarslhlllty  of  tha  Initiation  atap  would  raqulra  nachlno 

eoaputatlon  nora  alaborata  than  that  parfoxaad  in  tha  atudlas  eltad  hara. 

iddiflonal  nuaarieal  eoapllcatlons  auat  ba  facad  If  variation  of  tha  klnatlc 

paraaatara  with  chain  length  for  tha  aynthaala  of  tha  aar^y  oligonara  la 

contaaplntvd. 

Va  iwm  now  to  tha  quaatlon  of  tha  rola  of  procaaalva  raaetlsn  on 
tha  klnatlca  and  alaa  dlatxlbutlon  of  tha  poly(A0P-rlbo»a)  apaelaa.  Xt 
ahould  ba  noted  that  the  first  study  and  traataeat  of  thlt^  typa  of  raaetlo) 
dealt  with  tha  lata-aaylasa  catalysed  datradatlon  of  aaylosa  chains 
(Franch  and  3a'<lay,  1957).  Subaaquantly,  thla  nods  of  raaetlon  has  bean 
held  to  obtain  for  polynuclaotida  phoaphorylaas  (CodafroyColbum  and  * 

Grunbarg-Kanago,  1972),  SKA  polynaraaa  (Chaabar;lla,  1976)  and  possibly  DNA 
polyaarssa  (Lahaan,  1981) . 

Va  return  to  tha  slaplast  klnatlc  aebaaa  posed,  l.a.,  that  leading 
to  tha  Tolsaon  diatrlbutlon  of  aq'n  (4).  Us  than  ask  hov  tha  Inclusion 
of  tha  posslbilit/  of  raassoelatloo  of  a  git  an  ansyna  swlacula  with  tha 
sasia  chain  te  which  '<t  h^s  just  catalysed  tha  addition  of  one  aosoucric 


unit  will  affect  tha  kinatlea  of  aubaaquant  raaetloo.  in  evarly  laagthy 
klnatie  aaalyala  (?allar,  1984)  ahowa  that  a  Folaaoa  diatributlon  will 
alao  arlsa  but  with  replaced  by  ^ (1>  /I }  .  Bara  0  la  tha  fractional 
ratio  of  tha  uniaolacular  rata  cenatast  for  raaetlon  eauaad  by  raaaaoclatlon 
to  tha  aua  of  that  eoaatant  and  tha  other  uniaolacular  rata  eonatants 
Involvad  with  tha  foraatlon  an**  braakdown  of  a  eiran  oaxyaa  a-«ar  coaplax. 

Aa  d-al,  tha  conataat  in  tha  azponaat  of  the  Cauaalan  limit  for 
thla  Polaaoa  dlatrlbutloa  In  aq*n  i**'  0~  0)  bacoaaa  aallar  and  tha 
alxa  dlatrlbutloa  corraapondlagly  wldana.  Thla  actlea  of  a  probability 
aftrr-affact  (Chandraackhar ,  1943)  la  qulta  raadUy  coaprahaaalbla  arlalag 
aa  It  doaa  from  tha  poaalbUlt;  of  tha  anxyaa  dlaaaaoclatlng  from  tha 
aacroaolac'^j  o  after  catalyxlng  a  «arlabla  nuabar  of  addltlona  of  aonoaar 
Instead  of  after  each  aaaoaarlc  accrecloo.  To  mold  thla  procasa  with 
tha  other  coaplleatlona  dlacuaaad  pravloualy  aaaaa  Impoaalbla  without 
axtanalve  nunarlcal  analyala  and  aachlna  computation. 

Thera  are  praaantly  available  fm  tha  Zntematlvral  Mathaaatlca  and 
Statlatlea  Library  au^routlnaa  aultabla  fer  mini  coaputtra  produced  by  tha 
Data  Caneral  Corporation  and  tha  Digital  Equlpaant  Corporation  capsblc  of 
dealing  with  large  ayataaa  of  non-llnacr  dlfforantlal  aquatlona.  It  la 
hoped  to  exploit  thaaa  either  through  fairly  haavUy  uaad  local  coaputara 
or  by  a  aodou  to  an  Air  Toree  facility. 
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